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ABSTRACT

A mild hydrolyzing procedure was utilized to degrade oak
sawdust.

Its capability of producing a suitable fermentatation

medium was studied.

In the interest of solubilizing, enzymatically, the carbohydrate portion of oak sawdust, an investigation was conducted
in which various microorganisms were examined for their ability
to utilize different forms of cellulose for their growth and to
produce cellulose decomposing enzymes.

These microorganisms

included a myxobacterium, several fungi, and a wood-rotting
basidiomycete.

The fungi included two highly cellulolytic

organisms, Myrothecium verrucaria and Trichoderma viride.
The myxobacterium used was Sorangium cellulosum and the
basidiomycete was Pleurotus ostreatus.

The principal substrates

employed in the investigation were swollen cellulose, filter paper,
and oak sawdust.

An unidentified species of Alternaria was isolated.

Its

culture characteristics and cellulase producing ability were
determined and compared with those of Myrothecium verrucaria.
The hydrolyzing power of a commercial cellulase preparation,
Cellulase
~:~

35~:~,

was compared with the hydrolyzing power of cell-free

Registered trademark of the Rohm and Haas Company
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extracts from cultures of Alternaria sp.

Detailed culture investigations with Alternaria sp were
conducted to determine the best substrate, pH, temperature,
and degree of agitation for the production of enzymes capable of
hydrolyzing swollen cellulose.

The hydrolysis products result-

ing from the action of Alternaria sp cellulase were qualitatively
and quantitatively determined.
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I.

INTRODUCTION

Cellulose is an important structural polysaccharide found
principally as a cell wall constituent of plants.
large portions of both cotton and wood.

It makes up

As such it is one of the

most abundant natural resources, particularly because its supply
is continually being replenished.

The incentive for the present work arose from the desire
to utilize wood wastes, especially the oak sawdust found at the
many sawmills in Missouri, for some useful purpose.

These

wastes are generally allowed to rot in large piles or are burned.
The long range plan was to investigate the possibility of solubilizing
the carbohydrate portion, if not all of the components,
dust using relatively mild conditions.

of oak saw-

The stipulation of the use

of mild conditions precluded the utilization of any known means
other than the use of enzymes.

It was obvious that in order to solubilize the cellulose
portion of wood, two broad problems would have to be dealt with:
(a) the solubilization of cellulose, alone and (b) the degradation
of the substances in wood that protect the cellulose from attack
by cellulolytic enzymes.
the first of these areas.

The bulk of this work was conducted in

2

In order to utilize the biological power of microorganisms
to degrade cellulose, two basic problems had to be solved: (a)
the production of the enzyme or enzymes which enable the microorganism to degrade cellulose and (b) the elucidation of the
conditions under which the enzymes are effective.

If the mere

degradation of cellulose is desired, microorganisms may be
simply cultivated and applied to the substrate.

In this situation,

the enzymes produced by the microorganisms break down the
cellulose molecules into smaller soluble pieces which are used
by the organisms in their metabolism.

If it is desired to

solubilize cellulose without disturbing the hydrolysis products
or any material with which it may be associated, it is necessary
to separate the cellulose hydrolyzing enzymes from their parent
microorganisms and apply them to the substrate.

It is to this

end that this research was undertaken.

In summary, it was the purpose of this investigation to
study the possibility of solubilizing oak sawdust, enzymatically.
Since it was recognized that this problem was too broad in scope
to be solved in this work alone, the problem was attacked primarily
from the standpoint of the enzymatic hydrolysis of wood cellulose.

It was desired to produce a cell-free culture broth which would
readily hydrolyze the cellulose in oak sawdust.

3

II.

LITERATURE REVIEW

Cellulosic Materials

The cellulose molecule consists of a linear polymer of
D-glucopyranose units joined by

f3 (1-4)

glycosidic bonds ( 14 ).

It is convenient to think of the cellulose molecule as a polymer
made up of repeating celloboise units.

The chemical structures

of cellobiose and cellulose are presented below.

H

Although the

OH

H
HO

H
H
Cellobiose

H

OH

H

OH
H

H

OH
H

OH

Cellulose

molecules are primarily long chains of glucose units, some
cross linking probably occurs {52).

4

Natural Cellulosic Materials.

The two most common

and abundant sources of cellulose are cotton and wood.

The

cellulose content in plant cell walls ranges from 90 percent or
more in cotton fibers to 40 - 50 percent in wood (11 ).

In addition

to cellulose, wood contains 20 - 30 percent lignin and 10 - 30
percent hemicelluloses and polysaccharides other than cellulose (44).

Another source of less importance are the bast fibers
These include flax, hemp, jute, ramie, and other fibers.

(45 ).

Since

cellulose comprises the major constituent of the cell wall 1n
plants, it is obvious that all plants, even those which have no
present industrial utilization, constitute a potential source of
cellulose.

These include leaves, grasses, straws and agricultural

residues.

Because of its widespread occurrence 1n natural materials
and its polymeric nature, it is to be expected that cellulose varies
considerably according to its source and the treatment applied to
isolate it.
(degree of

The primary differences occur in its chain length
polymerization>:~),

its crystallinity and its relationship

with other natural substances; e. g., lignin in wood.

Native cotton cellulose has a degree of polymerization

>:~

The degree of polymerization means the average number of
monomer units (in this case, glucose) per molecule.
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greater than 3, 500 and may be as high as 10, 000 (66).

As a

result of treatments during isolation, the degree of polymerization
of purified cotton fibers ranges from about 1, 000 to 3, 000.

The

degree of polymerization of wood pulp is about 600 to 1, 000 and
for commercial regenerated cellulose it is 200 to 600.

It should

be noted that these values represent average values and that in
every case there is actually a distribution of cellulose chains of
various lengths.

The internal structure of cellulose fibers, that is, the
orientation of cellulose molecules, is important as it greatly
affects the rate and extent to which the cellulose will react with
other reagents (43 ).

Reactions are limited by the accessibility

of the cellulose molecules to other reagents.

It is well known

that cellulose is neither completely crystalline nor is it amorphous
but contains both forms in varying amounts depending upon the
source and the treatment it has under gone ( 11, 16, 43 ).

The

crystallinity is associated with the orientation of the individual
molecules.

Regions of a high degree of order, that is where the

molecules run parallel to each other, are said to be crystalline.
Those in which the molecules are more randomly oriented are
said to be amorphous.

These regions are interspersed with one

another and do not follow a uniform pattern.

There is merely a

gradual change from crystalline areas to regions of considerably
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reduced order.

The lengths of individual molecules are such

that they pass from crystalline to amorphous areas several times.

The most highly crystalline cellulose is found in natural
cotton fibers (51).

Mechanical or chemical treatments which

decrease the crystallinity also increase the susceptibility of the
cellulose to reaction with other agents.

The cellulose in wood

apparently possesses a rather low degree of order.

The utilization of the cellulose in wood, however, is
limited because of its intimate association with lignin.

Lignin may

be thought of as a system of tri-dimensional polymers which
permeates the cellulosic material and the spaces between the
cells (48 ).

Although the structure of lignin has not been fully

elucidated, it is an extremely complex polymer made up of
phenyl-propane type units.

The exact nature of the association

between lignin and carbohydrate in wood is still not known but
the three principal theories concerning this association accept
the existence of:

(a) hydrogen bonding between constituents, (b)

covalent chemical bonding, and (c) incrustation (51).

It is likely

that all three occur in wood to make up the overall lignin-carbohydrate bond.

There is also a heterogeneous group of extraneous materials
found in wood.

These are extractable in solvents such as ethanol,
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benzene, acetone, ether and water (11 }.

These substances

include waxes, fats, essential oils, tannins, resins, and soluble
saccharides (gums}.

The quantity of any one extractive material

varies from tree to tree and from place to place in the anatomy
of any single tree (4 }.

The total quantity of extractive components

in wood varies from about one percent to as high as 40 to 60
percent.

Modified Cellulosic Substances.

Cellulose, in its natural

state, has rarely been utilized in biological experimentation
because of its resistance to attack.

In most cases, some sort

of treatment, which inherently affects the structure of cellulose,
is necessary to free the cellulose from the other substances with
which it is associated.

Two examples of such treatment are the

purification of cotton fibers and the separation of wood cellulose
from lignin.

Treatments which structurally alter cellulose can be
divided into two groups:

mechanical and chemical.

The chemical

treatments can be further broken down to those which change the
cellulose by decreasing chain lengths or the degree of crystallinity
and those in which chemical derivatives are produced.

Only those

modified cellulosic substances which are of interest in biological
degradation are mentioned here.

A vibratory ball mill has been used to reduce cotton
cellulose particles down to the micron size range ( 13 ).

This

treatment results in a marked decrease in the degree of polymerization and in a conversion of crystalline material to amorphous.
This same type of grinding has been applied to wood (50, 51).

Halliwell (26) has summarized the various types of cellulose
produced by chemical treatments.

The insoluble forms include

regenerated cellulose, alkali swollen cellulose, phosphoric acid
swollen cellulose, filter paper and cellophane.

The soluble

derivatives of interest are carboxymethylcellulose, methylcellulose,
hydroxyethylcellulose, and cellulose sodium sulphate.

Biological Breakdown of Cellulose
Introduction.

The breakdown of cellulose and the cor res-

ponding production of carbon dioxide by respiring organisms
forms a vital step in the carbon cycle.

Microorganisms represent

by far the greatest single factor involved in this breakdown (65 ).
They account for the breakdown of the fallen plant materials in
woods and fields and they exist in symbiotic relationships with
insects such as termites and higher animals such as cows. Microorganisms in sewage treatment plants break down the paper and
other cellulosic substances which man has discarded.

It is hardly necessary to emphasize the service that
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cellulolytic microorganisms perform for the benefit of mankind
in the breakdown of waste substances, enrichment of the soil,
replacement of the atmospheric carbon dioxide, and the role they
play in the digestion processes of living animals.

Unfortunately,

microorganisms are unable to distinguish between the cellulosic
materials which man wants to have broken down and those that
he does not such as wood used in construction and cotton used in
fabrics.

As a result much of the early interest in cellulolytic

microorganisms was established by the desire to decrease the
losses which were due to the decay of useful cellulosic products.
More recently, interest in harnessing the power of microorganisms
to degrade cellulose for useful purposes has developed.

Because of the nature of cellulose it is fairly obvious
that the cellulose decomposing enzymes must be produced extracellularly.

In view of this it would seem fairly simple to produce

the cellulose decomposing enzymes by growing a suitable microorganism on some form of cellulose and then to harvest the
enzymes produced by separating the broth from the microorganisms.
As will be seen later, however, the isolation of cellulose decomposing enzymes has not been found to be straight forward.

Many highly cellulolytic microorganisms including both
fungi and bacteria which are able to degrade cotton cellulose are

10

unable to degrade cellulose in wood {II).

This resistance to

degradation is a result of the association of lignin with the carbohydrate and the presence of extractable substances.

In order for

a microorganism to be able to utilize the cellulose, it must also
be able to act upon the lignin.

Lignin, however, is particularly

resistant to microbial attack (52).

It is known, though, that trees

fall in the woods and are gradually broken down over a long period
of time.

It would be impossible to give a complete picture of how

this is accomplished including the various microorganisms, higher
organisms, and outside factors such as the weather which have
a hand in the affair.

In general, wood rotting organisms are divided into two
groups, the white rots and the brown rots (4 ).

Since these

microorganisms are able to digest the cellulose in wood, they
must also be able to either consume the lignin or surmount the
lignin barrier by acting upon it in some manner.

The brown

rotting organisms are known to consume the cellulose and leave
a degraded form of lignin as a residue (51).

The white rots con-

sume the lignin, presumably by means of oxidizing enzymes.

One of the white rots of interest is the edible mushroom,
Pleurotus ostreatus. Studies with this organism, using sawdust
as a substrate, have been conducted because of the possibility of
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using it as a food mushroom (7, 8, 9 ).

Tsao {77) conducted experi-

ments in which he measured the ability of this organism to produce
oxalic acid when grown on a mixture of sawdust and calcium
carbonate.

Another factor of importance in the microbial degradation
of wood is the presence of the extractives.

Although these are

normally a minor constituent of trees, some of them have been
found to hinder the growth of microorganisms because of their
fungicidal properties (4 ).

The durability of a particular tree is

partly governed by the nature of the extractives which it contains.
In a study with white oak, Zabel {83) measured the toxicity of the
extractives present.

He found that resistance to decay varied

within the tree and increased from the pith to the outer heartwood.

Cellulose Breakdown by Cell-Free Extracts Containing
Cellulose Decomposing Enzymes.

The amount of success which

has previously been experienced in work with cell-free extracts
obtained from cultures of cellulolytic microorganisms can be
summarized very easily.

Little correlation has been found

between the breakdown of cellulose by growing cultures and the
breakdown by cell-free extracts prepared from the cultures.
Apparently it is also true that the capacity of a microorganism
or enzyme in a cell-free extract to attack any particular form of
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cellulose is not a measure of its ability to attack less degraded
types of cellulose (29 ).

The situation has been found somewhat

confusing because of the large number of microorganisms which
act with varying abilities upon the many types of cellulosic
substances.

In general, it can be said that culture filtrates are much
less active than the original cultures (52).

The rate at which

cell-free extracts attack cellulose and the subsequent amount of
degradation depend upon the treatment which the cellulose has
received.

The closer the structure of the substrate resembles

native cotton the less readily it is attacked and the smaller the
percent hydrolysis.

Even though some microorganisms are able

to solubilize the most complex forms of cellulose, until recently,
no one had reported any success in preparing extracts which
achieved any more than a minor breakdown of cotton cellulose (24 ).
In the fall of 19 64, Halliwell {28) reported that he had prepared
enzyme extracts from a strain of Trichoderma koningi that produced
complete solubilization of all forms of insoluble cellulose including
cellulose powder and cotton fibers.

Details were not given,

ever, about the manner in which the extracts were prepared.

Because of the lack of success in hydrolyzing cotton
cellulose some experimenters have turned to studies in which

how-
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they used less complex forms of cellulose such as soluble
carboxymethylcellulose and phosphoric acid swollen cellulose.

Swollen cellulose was prepared from cotton or cellulose
powder by soaking in 85 percent cold ( 1 °C) phosphoric acid.

It

was allowed to stand for a suitable length of time and then was
washed until acid-free (24 ).

The susceptibility of this form of

cellulose to hydrolysis by an enzyme preparation depended upon
the extent of the treatment with phosphoric acid.

Halliwell (23, 25, 2 7) has conducted experiments us1ng the
cell-free extracts from cultures of the cellulolytic microorganism,
Myrothecium verrucaria. This organism is considered cellulolytic
because it is capable of degrading native cotton cellulose.

A cellulolytic microorganism has been defined as one
that is able to bring about a 10 percent loss in tensile strength
of cotton duck strips within a period of two weeks (56).

Organisms

capable of degrading less complex forms of cellulose are considered
non-cellulolytic.

In the remainder of this dissertation the term

cellulolytic will be used in the manner in which it has just been
defined.

Halliwell found that although extracts from cultures of
Myrothecium verrucaria produced only about 4 percent solubilization
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of cotton fibers, after conversion of the fibers to the swollen
form, both the rate and extent of breakdown were greatly increased.
He reported that 90 percent solubilization was achieved in 22 hours.
In a comparative study of the breakdown of cellulose by microorganisms,

Reese and Levinson (56) investigated the capabilities

of a large number of both cellulolytic and non-cellulolytic microorganisms to produce enzymes which could hydrolyze a degraded
form of cellulose, carboxymethylcellulose {CMC ).

They found

that all of the cellulolytic organisms produced enzymes which
were able to hydrolyze the soluble CMC, although with varying
activities.

It was also discovered that some of the non-cellulolytic

microorganisms produced enzymes comparable to those produced
by the cellulolytic ones.

It is important to recognize the differences between the
use of growing organisms in the breakdown of cellulose and the
use of cell-free extracts.

These have been summarized by Reese {53).

He reported that in the absence of the organisms, the products of
hydrolysis accumulate.

Of these products, cellobiose has been

found to be inhibitory (58).

Also, in a cell-free extract, the

enzyme molecules are distributed throughout the medium.

In a

growing culture, however, the intimate association of the hypha
with cellulose may be of such a nature that there is a high concentration of the enzyme at the point of contact.

15

Structural Factors Related to Enzymatic Hydrolysis.

The

structural features of cellulose greatly influence its susceptibility
to enzymatic hydrolysis.

Cowling (11) has aptly summarized

these features and their corresponding effects upon hydrolysis by
enzymatic means.

These features include moisture content, size

of the cellulolytic enzymes in relation to1he capillary structure,
degree of crystallinity, the nature and concentration of substituent
groups, the nature of substances with which cellulose is associated,
and the type of association involved.

Basically, moisture affects the degradation of cellulose
in three ways:

(a) it swells the fibers, (b) it provides a medium

of diffusion through which the enzymes can pass, and (c) it provides
the water which is added to the cellulose during hydrolytic cleavage
of the molecule.

Apparently, the drying of a cellulosic material

after it has been removed from its living state may change its
structure so that its susceptibility to enzymatic hydrolysis is
affected.

It has been found that by removing cotton directly from

the boll and maintaining it constantly in water a cellulose results
which is more susceptible to hydrolysis than a sample which is
allowed to dry (26 ).

The structure of all cellulosic materials except cellophane
and similar films has been found to have an appreciable void
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volume resulting from their capillary structure.

The size of the

pores varies greatly but it is sufficient to say that only a small
fraction of the total surface area in native cellulose is available
to cellulolytic enzymes because of the large size of the enzymes.

The cellulose decomposing enzyme from Myrothecium
verrucaria has been found to be a cigar-shaped molecule having
0

0

dimensions of about 33 A by 200 A and a molecular weight of
about 63, 000 {82 ).

A molecule of this size is apparently incapable

of penetrating the bulk of the pores of cotton.

Therefore it can

be concluded that the surface area available to cellulolytic enzymes
is limited in native cotton.

Because of this,

enzyme attack must

be a highly localized process being limited to the gross capillary
surfaces.

The means by which a growing microorganism over-

comes this barrier is not known.

Surface area itself, however, has not been found of primary
importance in the degradation of cellulose by cell-free extracts (29 ).
Cellulose powder {Whatman), with a relatively high surface area,
has not been found to be degraded any more readily than cotton
fibers.

Insoluble cellulose has been found to exert a high affinity
for cellulolytic enzymes {27, 42, 55).

Selby (64) has demonstrated

the enzyme adsorption by cellulose by extracting the culture solids
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1n a growing culture of a celluloytic organism with a pH 5. 5
carboxymethylcellulose solution after the culture broth had been
removed.

The extract was found to contain cellulolytic activity.

Cellulose decomposing enzymes are strongly adsorbed by the
substrate and then are slowly liberated as the cellulose is solubilized.
As a result,

it is likely that free diffusion of the enzymes is con-

siderably reduced in the enzymatic attack of insoluble cellulose.
This factor assumes importance outside the enzymatic process
when consideration is given to methods for the separation and
purification of the enzymes.

Examples of undesirable treatments

are filtration through cellulose filter media, use of chromatography,
and dialysis in cellophane containers.

The effect of crystallinity upon enzyme action has been
discussed previously.

It is important to note that in celluloses

containing a mixture of crystalline and amorphous regions, cellulolytic enzymes may be able to degrade the amorphous regions but
not the crystalline.

Thus partial degradation may be easily obtained

in some instances but further degradation can not be obtained.

Any

treatment which alters the crystallinity of cellulose will also change
its susceptibility to attack.

An acid treatment, for instance, which

solubilizes the more readily hydrolyzable cellulose will leave a
material which is less susceptible to enzyme hydrolysis.

A treat-

ment which changes crystalline areas to a less ordered form leaves
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a material which is more susceptible to attack by cellulose decomposing enzymes.

Substituted celluloses such as the methyl, ethyl and
carboxymethyl derivatives of cellulose are formed by replacing
the hydrogen atoms of hydroxyl groups of the cellulose molecule
with the respective groups.

In proportion to the average number

of substituent groups attached to each glucose unit (the degree of
substitution~:~),

the cellulose becomes less crystalline and more

soluble in water (11 ).

As the degree of substitution increases,

the resistance to enzymatic attack decreases.

After solubilization

occurs, the susceptibility to enzyme attack decreases with further
increase in the degree of substitution until enzymatic degradation
can not be obtained.
of one.

This is usually around a degree of substitution

Methylcellulose, which requires a relatively high number

of substituent groups for solubilization, is usually resistant to
attack (59).

The final structural factor to be discussed is the association
of cellulose with other substances; primarily, the cellulose-lignin
complex in wood.

In order for enzymes to hydrolyze the cellulose

in wood, the lignin barrier must be overcome.
in three ways:
~:~

This can be done

(a) by chemical treatment such as the sulfite

The degree of substitution indicates the average number of
substituent groups per monomer unit.
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treatment used in the production of wood pulp, (b) by mechanical
means, and {c) by enzymatic means (wood rotting organisms).

Pew (50, 51) has shown that only about 2 percent of
extractive-free aspen wood could be solubilized by a cellulose
decomposing enzyme when the wood had been ground to pass an
80 mesh screen.

When the wood particles were drastically re-

duced in size through the use of a vibratory ball mill, up to 90
percent of the carbohydrates were solubilized.

The drastic

grinding action apparently broke the particles into such small
pieces that the protective action of the lignin was overcome
leaving the cellulose exposed and thus susceptible to enzyme
attack.

The degradation of lignin by enzymatic means is a possibility
of the future.

Several researchers have conducted experiments 1n

this area using degraded lignin preparations isolated from wood by
chemical means and also lignin-like compounds {15, 33, 34, 73, 74, 79}

Products of Hydrolysis. When speaking of the products of
the enzymatic hydrolysis of cellulose, using cell-free extracts
prepared from growing cultures, it is important to remember that
it is likely that more than one enzyme are involved.

This in-

eludes enzymes which could not be considered cellulolytic such as
those capable only of hydrolyzing short chain oligosaccharides.
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Until the individual enzymes can be separated and purified and
then applied to cellulose substrates, only the composite results
can be considered.

As ReesC' (53) pointed out, enzymes in cell-

free extracts break down cellulose into the soluble sugars,
glucose and cellobiose.
never found.

Intermediate hydrolysis products are

Gascoigne and Gascoigne (18) have illustrated how

transient products have been detected.

Total hydrolysis of

cellulose leaves glucose as the only product.

Applications.

Most of the possible applications for

cellulose decomposing enzymes which have been suggested are
concerned with foodstuffs and their digestion.

These include the

softening of carrots, digestion of yeast cell walls, and increasing
the yield of agar-agar from sea weeds (76).

Underkofler (78)

has suggested the addition of cellulolytic enzymes to animal feeds
as a digestive aid and to septic tank and drain clearing products.

Suggested Mechanisms for the Enzymatic
Hydrolysis of Insoluble Cellulose
There are two basic questions of interest in the breakdown
of insoluble cellulose by cell-free extracts.

The first of these is

concerned with the number of different enzymes which are involved
in the breakdown.

The second deals with the mechanisms by

which a molecule of cellulose is hydrolyzed to soluble sugars.
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Neither of these two has been fully resolved.

After working with a purified filtrate from a culture of
Myrothecium verrucaria, Whitaker {80) concluded that his
cellulose decomposing enzyme preparation contained only one
enzyme.

In experimenting with the same microorganism,

Kooiman and his co-workers {38) also concluded that only one
enzyme was responsible for the solubilization of cellulose. However, they suggested that another enzyme (cellobiase) caused
the formation of glucose from cellobiose.

Because of the inability of some microorganisms (which
grow on degraded forms of cellulose) to grow on cotton fibers,
it has been postulated that an enzyme capable of splitting off
anhydroglucose chains from the fibrous substance was missing
from these organisms (59).

This missing enzyme was called e 1.

It was further concluded that a second enzyme, e x , was responsible for the breakdown of the linear molecules into soluble
products.

To the ex enzyme was also attributed the ability to

hydrolyze the less resistant modified forms of cellulose.

Little is known about the e 1 factor and how it is able to
open up native cellulose such that it becomes vulnerable to action
by ex enzyme {19}.

It may be found eventually that the e 1 type

activity is not enzymatic at all.
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In further experiments with the ex type action, Reese and
Gilligan (55) found evidence for the existence of two or three
enzymes which possessed ex type activity in cell-free extracts
from various fungal cultures.

Grimes and his colleagues (21)

concurred with these results in experiments using filtrates from
cultures of Myrothecium verrucaria.

They found also that the

active components had different ratios of activity on soluble and
insoluble cellulose materials.

In answer to the multiplicity of cellulose decomposing
enzymes demonstrated by other workers, Thomas and Whitaker (75)
suggested that the apparent multiple enzymes are actually complexes formed between a single enzyme and several different
polysaccharides.

It is this problem of the uncertain multiplicity of enzymes
which has made the definition of cellulase (cellulose hydrolyzing
enzyme) difficult.

For this reason the term "cellulase" has not

been used previously in this dissertation.
for the initial

c 1 type

If cellulase is reserved

breakdown of cotton cellulose, another

designation such as 13-polyglucosidase or 1, 4 13-glucanase must
be used to describe enzymes hydrolyzing less complex forms of
cellulose {29 ).

In any case, whenever the term "cellulase" is

encountered, one must look further to a description of its
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capabilities.

In this work cellulase will be used in a general

sense, descriptive of enzymes capable of hydrolyzing any form
of insoluble cellulose.

The second problem which will be briefly discus sed here
IS

concerned with the mechanism by which individual cellulose

molecules are broken down; that is, whether the attack occurs
endwise or at random points in the molecule.

In endwise hydrolysis

the loss of weight of the insoluble material would be expected to
be large with respect to the decrease in average degree of
polymerization.

The opposite would be expected for random

attack; that is, a large decrease in the degree of polymerization
and a relatively small loss in weight.

These two statements refer

primarily to the initial stages of attack.

Whitaker (81 ), from experiments dealing with a partially
purified cellulase from Myrothecium verrucaria, concluded that
the attack which occurred was random.

His substrate consisted

of cotton cellulose swollen with phosphoric acid.

Selby (64) modified Whitaker's conclusion so that it held
only in the case when the insoluble cellulose is sufficiently
swollen to be unusually accessible to the large enzyme molecule.
It has been shown by Selby (63) that the attack on unswollen
cellulose containing regions of varying accessibility is neither
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purely random nor endwise.

He concluded that when fibrous

cotton cellulose is attacked by cellulase, the enzyme is restricted
in its mobility in respect tothe substrate and acts by removing a
number of adjacent glucose residues from each of relatively few
sites of attack.

When cotton is made more accessible by a

swelling treatment, the attack is much more extensive but still
not random.

This is attributed to the tendency of the enzyme

molecule to preferentially hydrolyze linkages in the immediate
vicinity of its initial points of attack.

Microbiological Sources of Cellulase
The number of different microorganisms taking part in
the breakdown of cellulosic materials is very large.
them have been detected and identified.

Many of

Many, undoubtedly, have

not.

Logical places to find these organ1sms are 1n the soil, in
cotton fabrics, and in the rumen of animals.
his interest in the decay of cotton fabrics,

In connection with

Siu (67) has compiled

a long list of cellulolytic and non-cellulolytic microorganisms.
He listed 198 cellulolytic fungi and 30 cellulolytic bacteria which
had been isolated from cotton textiles and 99 non-cellulolytic
funai
and 14 bacteria which had been isolated from cotton fabrics.
b
In addition, 119 fungi were given which had been isolated from
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cotton fabrics but had not been tested for cellulolytic activity.
Finally, 162 fungi and 152 bacteria claimed in the literature to
be cellulolytic but not yet recorded as isolated from cotton
fabrics were listed.

No purpose would be served by reporting all of these
organisms here.

However, Siu (69) listed the following fungi,

which are of interest because of their ability to decompose cotton:
As12ergillus fumigatus, Aspergillus terreus, Chaetomium globusum,
Cladosporium herbarum, Fusarium moniliforme,

Memnoniella

echinata, Myrothecium verrucaria, Penicillium luteum,
atra, and Trichoderma viride.
also listed:

Stach___y!>atr~

These cellulolytic bacteria were

Cell vibrio vulgaris, Cellulomonas biazotea, Coryne-

bacterium sp, Cytophaga rubra, and Sporocytophaga myxococcoides.
Apparently, cellulose attacking fungi are much more numerous
than bacteria {52).

Halliwell {24, 25, 29) has shown that mixed rumen microorganisms are potentially a powerful source of cellulolytic enzymes
since they are able to solubilize all forms of cellulose.

However,

Kitts and Underkofler (3 7) found that the rumen organisms with
which they experimented did not liberate cellulase into the medium.
Although both bacteria and protozoa are found in the rumen,
bacteria play the major role in the breakdown of cellulose.
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In comparative studies on the formation of cellulase by a
number of fungi, Lyr and Novack (41) found the cellulase activity
of ascomycetes and fungi imperfecti to be always lower than that
of the wood destroying basidiomycetes.

Only 10 species of fungi

were investigated, however.

In a comprehensive study of the breakdown of cellulose,
Reese and Levinson (56) compared the ability of a large number
of both cellulolytic and non-cellulolytic microorganisms (mostly
fungi) to produce enzymes capable of hydrolyzing soluble carboxymethylcellulose.

Although it was found that cellulolytic organisms

yielded cell-free extracts which were active upon carboxymethylcellulose, some non-cellulolytic microorganisms produced extracellular enzymes which had a higher activity than those produced
by the cellulolytic organisms.

One example is the fungus

Penicillium pusillum.

Two of the microorganisms most widely used for studies
concerning cellulose decomposing enzymes are Myrothecium
verrucaria and Trichoderma viride (53).

Both are highly

cellulolytic.
Conditions for the Production of Cellulase
in Submerged Culture
The culture conditions which have a definite effect upon
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the growth of microorganisms and thus would be expected to
affect enzyme production are nutrients, pH, temperature, and
the extent of agitation and aeration.

These will be discussed,

initially, in regard to what is known about their effects upon
cellulase production in general.

Then these factors, as applied

to the specific microorganisms pertinent to this work, will be
discus sed.

Most of the available information applied to

the

growth or organisms and not directly to the production of enzymes.

General Conditions.

Cellulolytic microorganisms and

the so-called non-cellulolytic microorganisms capable of growing
on degraded forms of cellulose are able to utilize cellulose as
their principal carbon source for energy and cell synthesis.

As

microorganisms, they would be expected to require inorganic
nitrogen, phosphorus, calcium, magnesium, and other trace
elements and possibly an organic nitrogen source.

In investigating

the factors affecting the formation of cellulase, Ikemiza and his
co-workers (32) found that ammonia was a better nitrogen source
than nitrate.

Peptone, glycine, alanine, and asparagine were

the best organic nitrogen sources.

They found that soluble starch,

glucose, sucrose, and carboxymethylcellulose stimulated the
growth of the microorganisms but were not good for the production
of cellulase.
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Basu and Ghose (5) investigated the production of cellulase
by fungi using mixed cellulosic substrates.

Jute, alkali-treated

jute, holocellulose from jute, and filter paper were used in experiments in which a total of 124 fungi were tested for their
ability to produce enzymes capable of hydrolyzing powdered filter
paper and swollen cellulose.

They found that although enzymes

capable of decomposing pure cellulose were produced by a comparatively limited number of fungi when grown on pure cellulose,
most of the organisms produced the same enzymes when grown
on mixed cellulosic substrates.

The reason for this was apparently

the presence of water soluble nutrients in jute fiber.

It was con-

cluded that, on a suitable substrate, a fungus previously regarded
as non-cellulolytic may produce enzymes capable of degrading
relatively complex forms of cellulose.

Although it was difficult

to completely assess their results because of the lack of quantitative data, the importance of nutrients was well illustrated.

Very little can be said about oxygen requirements except
that, in general, fungi are strict aerobes.

It has been noticed

that most of the organisms concerned with the breakdown of cotton
textiles require oxygen for growth (70).

In regard to temperature,

most cotton destroying microorganisms exhibit the greatest activity
between 25 and 35 °C (71 ).
as 4 to as high as 9.

Optimum pH values range from as low
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Myrothecium verrucaria.

A cellulolytic enzyme preparation

from. Myrothecium verrucaria was obtained by Saunders, Siu and
Genest (61) using the salt medium given in Table 1.

The organism

was grown at 30 °C with aeration and agitation provided.
where, an optimum culture temperature range of 30 to 3 2

Else0

C and

a pH of 6. 0 has been reported (71 ).

Myrothecium is a fungus of the class Deuteromycetes
(fungi imperfecti) and order Moniliales (l ).

Trichoderma viride.

Given in Table 2 is a medium reported

by Reese and Mandels (57) to be an excellent medium for cellulase
formation by Trichoderma viride.

A temperature of 29 °C and a

pH of 5. 3 was used for culturing the organism.

This organism is

apparently the same as Trichoderma koningi {17, 68 ).

A Japanese process for the production of cellulase using
Trichoderma viride has been described in which wheat bran was
used as a substrate (35 ).

This microorganism is classified in

the same order as Myrothecium verrucaria (3 ).

Pleurotus ostreatus.

In experiments with this wood rotting

organism, Tsao (77) used the inorganic salts given in Table 3.
The object of his experimentation was not the production of enzymes
but the production of oxalic acid using sawdust and simple
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TABLE I

INORGANIC SALT MEDIUM':~ FOR
MYROTHECIUM VERRUCARIA

KH 2 P04
K 2 HP0 4
NaH2P04H20
Na 2 HP0 4
NH4N03
NaN03
MgS0 4 · 7H 0
Fe 2 (so 4 b · 6H 2 o
(NH 4 )P(Mo 3 o 10 )
ZnS0 4 · 7H 2 0
CuS04 · SH 2 0
Mn S0 4
H 3 B0 3
H 20

>:<

0.20
0. 15
2.00
1. 50
0.60
3.80
0.30
0. 054
0. 024
0. 050
0. 0025
0. 0055
0.057
1000

gm
II
II

"

II

"
"
mg

"

"
"
"
"

ml

The complete medium requires the addition
of a suitable carbon source.
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TABLE 2

MEDIUM FOR TRICHODERMA VIRIDE

KH 2 Po 4
(NH 4 )2 S0 4
Urea
MgS0 4 · 7H 2 0
CaC1 2
FeS04· 7H20
MnS0 4 · H 2 0
ZnC1 2
CoC1 2
Peptone
Cellulose
H 20

2. 0
1.4
0. 3
0. 3
0. 3
0. 005
0. 0016
0. 0017
0. 002

gm
If
If
If

IJ
If
If
If
If

l.O

If

10.0
1000

If

ml
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TABLE 3
INORGANIC SALT MEDIUM,:~ FOR
PLEUROTUSOSTREATUS

NaN03
KH 2 P04

MgS0 4 7H 2 0
H 20

:::~

2.0
1.5
1.0

1000

gm
II
II

ml

The complete medium requires the addition
of a suitable carbon source.
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carbohydrates as carbon sources.
range used was 28 to 30

0

C.

The incubation temperature

Pleurotus ostreatus is a fungus

in the class Basidiomycetes, order Agaricales and family
Agaricaceae {2).

The organisms belonging to this family are

the mushrooms and toadstools.

A patent was issued in 1961 in which a process was
described by means which a Basidiomycete could successfully

ce

grown in submerged culture (46 ).

Before this time attempts

to grow this particular organism in pellet form in subn1erged
culture were unsuccessful.

The process involves the use of a

blender, and sterile conditions, to homogenize the inoculum.
The maintenance of the pH of the culture below 6. 0 is also
required.

Sorangium Cellulosum.

This myxobacterium has been

cultivated using a medium containing the inorganic salts given
in Table 4 (49 ).

It has been grown in surface cultures using

filter paper as the carbon source and in submerged culture on
cellobiose.

Better growth was reported on cellobiose when the

substrate was filtered through a bacterial filter instead of autoclaving.

It has been reported elsewhere that Sorangium cellulosum

grows well on both starch and cellulose {18).
whether surface or submerged, was not given.

The type of culture,
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TABLE 4
INORGANIC SALT MEDIUM':~ FOR
SORANGIUM CELLULOSUM

KN03
K 2 HP0 4
MgS0 4 · 7H 2 0
CaCl2
FeC1 3
H 20

>:~

1.0
1.0
0.2
0. 1
0.02
1000

gm

"
"
"
"

ml

The complete medium requires the addition
of a suitable carbon source.

3S

The Measurement of Cellulase Activity
The selection of a method for the measurement of the
breakdown of cellulose depends upon whether the substrate is
soluble or insoluble and upon the type of breakdown which is of
interest.

With an insoluble cellulose the assay may be conducted

from either of two different aspects: (a) changes in the residual
material, or (b) the formation of soluble products.

Insoluble Celluloses.

The determination of loss of weight

is one of the most direct approaches to the measurement of a
change in insoluble cellulose taking place in a cellulase assay.
The most obvious procedure which has been used is a simple
gravimetric method (24, 27, 63 ).

Residual cellulose can also be

determined by a colorimetric procedure in which cellulose is
oxidized with a mixture of sulfuric acid and potassium dichromate (23 ).

The advantage of the use of either of these two methods

is that they indicate exactly how much of the cellulose has been
solubilized.

The loss in tensile strength of cotton fabrics is a procedure
which has mainly been used to determine whether or not m1croorganisms are cellulolytic {56).

This method has also been

applied to the action of cell-free extracts {26 ).

It is a good

measurement of the initial attack of cellulolytic enzymes but it
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gives no indication of loss of weight or the formation of hydrolysis
products.

Another procedure of the same type is one in which

the disintegration of filter paper is noted (36, 76).

In this procedure,

a piece of filter paper is shaken with the enzyme and the time in
which the paper is degraded into fine fibers is observed.

In regard to the measurement of the hydrolysis products
{soluble sugars), the determination of reducing sugar is a convenient assay method.
utilized.

There are several methods which can be

Among these are the Somogyi titrimetric and colori-

metric modification (30), the colorimetric procedure of Park
and Johnson using ferricyanide {4 7 ), and a colorimetric dinitrosalicylic acid procedure {57).

Of these, the colorimetric modi-

fication of the Somogyi method and the dinitrosalicylic acid
method will be briefly described.

In the first of these,

one ml of a sample to be analyzed

is combined with one ml of a copper reagent in a test tube. The
test tube is covered with a glass marble and is placed in a boiling
water bath for exactly 20 mintues.

After heating,

one ml of an

arsenomolybdate color reagent that reacts with the reduced copper
is added.

Seven ml of water are added and the optical density is

determined at 5 00 mf.L.

A standard curve can be prepared using

known concentrations of glucose solutions.

The method is applica-

ble over a range of glucose concentration of 0. 02 to 0. 20 mg/ml.
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The dinitrosalicylic acid procedure involves the addition
of 2 ml of the dinitrosalicylic acid reagent to one ml of the sample
to be analyzed.

The resulting solution is heated in a boiling water

bath for 15 minutes.

After cooling, I 7 ml of water are added.

The optical density is read at 550 mf-L.

The method is applicable

over a range of 0. 05 to 0. 80 mg /ml.

The amount of reducing sugar produced by enzymatic
hydrolysis may not be an accurate reflection of the degree of
hydrolysis of cellulose if sugars other than glucose are present
in a significant amount.

Cellobiose, on a weight basis,

half the reducing power of glucose.

has only

For this reason, the hydrolysis

products should be identified when a reducing sugar determination
is used.

Levinson and his colleagues (39) have described an elaborate
procedure utilizing a reducing sugar determination in which glucose
was determined by difference through the use of glucose oxidase.

Another convenient method for the determination of hydrolysis
products is the procedure using "cleaning solution" in which the
total organic solids in solution are determined (22 ).

In this pro-

ccdure, 2 ml of the reagent consisting of 0. 25 percent potassium
dichromate in 96 percent sulfuric acid is added to one ml of the
sample to be analyzed.

The resulting mixture is heated in a water
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bath for 20 minutes.

After cooling 6 ml of water are added. The

optical density is read at 440 mtJ. against a blank in which the
reagent has been completely reduced with a pinch of sodium sulfite.
Because of its non-specific nature, extreme care must be taken
with this method.

Its application becomes inaccurate when the

enzyme solution contains a relatively large amount of organic
material.

Soluble Celluloses.

Of the soluble cellulose derivatives,

carboxymethylcellulose is the most commonly used (26). Assays
for cellulose hydrolyzing enzymes may be conducted with the use
of the reducing sugar determinations as described for insoluble
substrates.

Another procedure which has been used as a measure

of activity is the decrease in viscosity of carboxymethylcellulose
solutions (12, 63 ).
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III. MATERIALS AND METHODS

Methods of Analysis
Cellulase Assays.

In the preparation of each enzyme

solution, the pH of the culture broth was adjusted to the desired
value with the use of either 1:4 phosphoric acid or 2 normal sodium
hydroxide.

Then either centrifugation or filtration through a

sintered glass filter was used to separate the culture solids from
the culture liquid.

To insure that microorganisms were not

present in the enzyme solution,

a final filtration was carried out

using a sintered glass bacterial filter.

No concentration or purification of the enzymes in the
cell-free extracts was carried out.

In performing an assay, the

enzyme solution was added to a cellulose substrate- buffer mixture.
The substrates were used at a concentration of 5 mg/ml.
ratio of enzyme solution to buffer was employed.

A 1:1

When swollen

cellulose was used as the substrate, the amount of buffer was
decreased in proportion to the amount of water present in the
wet cellulose.

When little enzyme activity was expected, buffer

was not used.

In early experimental work, assays were conducted by
means of a Warburg apparatus (Gilson Medical Electronics Model
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RWBP-3) to provide agitation and which was used to maintain
the temperature at 40 °C.

Single side arm flasks which had

volumes of approximately 20 ml and a shaker speed of 156
oscillations per minute were used.

The total volume for each

assaywas 4 ml.

Later, an incubating shaker (New Brunswick Model
RW150C) with reciprocating type agitation was employed with
50 ml Erlenmeyer flasks.
assay.

A volume of 8 ml was used for each

The shaker was operated at a speed of 100 strokes per

minute.

The incubation time was 2. 5 hours, in most cases.
Occasionally, longer periods were used when little hydrolysis
was expected.

At the end of the incubation period, enzyme action

was terminated by centrifuging the assay mixture and decanting
the hydrolyzate solution from the remaining solids.

When soluble

carboxymethylcellulose was used as the substrate, the enzyme
action was stopped by pipetting the desired assay solution into the
reagent used for the analysis of the hydrolysis products.

Chemical Analyses.

The Nelson-Somogyi colorimetric

method for the determination of reducing sugar {3 0) was utilized
until color fading was experienced with analyses conducted with
cell-free extracts from the fermentation broth of Myrothecium
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verrucaria.

A change was then made to the use of the

dinitrosalicylic acid method (57).

Difficulties were not encountered

with this method.

Total organic solids in the assay solutions were determined
calorimetrically using the procedure described by Halliwell (22)
in which "cleaning solution" was utilized.

The amount of protein present in enzyme solutions was
determined spectrophotometrically by the procedure described
by Seaman (62 ).

This method consisted of determining the ratio

of the optical density at 280 mf.L to that at 260 mf.L.

From this

ratio, the Warburg correction factor (F )was read from a graph
given by Seaman.

The concentration of protein in mg/ml was

computed by multiplying F times the optical density at 280 mf.L
times the dilution used.

The qualitative analysis of the hydrolysis products was
carried out with the use of ascending, single directional paper
chromatography.

Whatman No. 4 chromatographic paper, cut

into 2 inch wide strips, was used for the analyses.

The solvent

systems and locating reagents were taken from Smith's (72)
description of the analysis of carbohydrates by paper chromatography.
The solvent systems employed were isopropanol-water and isopropanol-pyridine-acetic acid-water.

The locating reagents used were
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aniline-diphenylamine and aniline.

The aniline reagent gave a

red- brown color with pentoses and a yellow- brown color with
other reducing sugars.

Thus it was employed to distinguish

pentoses from other sugars.
Substrates
Various cellulosic materials were utilized as substrates
in the cellulase assays.

These were cellulose powder (Whatman),

insoluble carboxymethylcellulose (Sigma CM Cation Exchanger,
Fine Mesh), soluble carboxymethylcellulose (Hercules Cellulose
Gum, Medium Viscosity), swollen cellulose, and oak sawdust.

Swollen cellulose was prepared from cellulose powder
using phosphoric acid according to the procedure described by
Reese and Mandels (57).

The acid was added to the cellulose at

4 °C and the mixture was allowed to stand one hour.

At the end

of this time the phosphoric acid was removed from the swollen
cellulose by repeated washings with water.

After all of the acid

had been removed, the cellulose was pressed in a Buchner funnel
to remove as much of the standing water as possible.

The moist,

fluffy cellulose was placed in a stoppered bottle to maintain the
moisture content at a constant value.

The moisture content was

determined by drying samples in an oven at 110 °C.
cellulose was found to contain 89. 7 percent water.

The swollen
Therefore,

for 40 mg of dry weight, a total weight of 385 mg had to be weighed
out.
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In each assay, the swollen cellulose was weighed and
placed in the assay flask.

Buffer was added.

Because of the

lumpy nature of the substrate it was necessary to break up the
particles with the use of a glass stirring rod before the enzyme
solution was added.

Oak sawdust was employed both as a carbon source in
cultures and as an assay substrate.

Dried sawdust was ground 1n

a Wiley Mill to 60 mesh.

Fresh sawdust was prepared from a white oak tree which
was cut down in the month of November.

The bark was stripped

off and the wood was separated into two parts, the sapwood and
the heartwood.

Sawdust was prepared from each of these parts

and the portions which passed through a 18 mesh screen were
collected.

The green wood could not be ground in a Wiley Mill.

Culture Methods
Surface Culture.

Filter paper slants were utilized in

which strips of paper were placed on top of agar-salt medium in
25 mm culture tubes.

The paper, Whatman No.

l, was cut into

strips which were 5/8 inch wide and 3 inches long.

Twenty

milliliters of a salt medium containing l. 5 percent agar was
placed in each tube.

The filter paper strips and the culture tubes

containing the agar medium were autoclaved separately.

After the

44

agar solution in each tube had nearly solidified, the medium was
overlayed with a paper strip.

The slants were inoculated using

a platinum wire loop.

Shake Flask Culture.

Cultures grown in Erlenmeyer

flasks were used extensively to produce cell-free extracts containing cellulose decomposing enzymes.

Flasks having a volume

of 300 ml were employed with culture volumes of 60 ml.

A New

Brunswick Model C Rotary Action Shaker operating at a speed of
240 oscillations per minute was used at ambient temperature
(22 - 26

0

C) for most of the shake flask work.

For constant temperature work, a device was constructed
utilizing a reciprocating shaker and a constant temperature water
bath.

A wooden arm was attached to the bed of the shaker and was

extended over the top of the water bath.

A pan having four brackets

for holding Erlenmeyer flasks was suspended from the end of the
arm over the water bath.

Horizontal baffles were placed at each

end of the pan and water container to minimize splashing.

The

shaker was operated at a speed of 100 strokes per minute.

The

length of the stroke was 1. 5 inches.

The flasks were sterilized by autoclaving at 120
minutes.

0

C for 20

Inoculations were made using either a platinum wire

loop or a pipette.

In some cases, it was necessary to homogenize
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the inoculum mycelium in a Waring Blender in order to be able to
use a pipette.

The blender body was autoclaved for these

treatments.

Submerged Culture in a Five Liter Fermentor.

All fermen-

tations were carried out in the 5 l apparatus constructed previously
by the author {40).

A brief description of the apparatus and a

picture is given in the Appendix.

A few minor modifications which

were made on the original design are also described in the Appendix.

Temperature was controlled within 0. 5 °C.

Foaming was

automatically controlled by the addition of General Electric Silicone
Antifoam 10.

Details of the temperature and foam control systems

can be found in the Appendix.

The control of pH, when necessary, was done manually by
the addition of either one normal sulfuric acid or one normal
sodium hydroxide.

In every fermentation, a volume of 2. 5 l was used.

A

500 ml separatory funnel which had a teflon stopcock was connected
to a port in the top of the fermentor and was filled with water before each fermentation was begun.

It was used to make up for

evaporation losses occurring during the fermentation.

The apparatus was sterilized by autoclaving at 120 °C for 40
minutes.
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The inoculum consisted of a shake flask culture of the
desired microorganism grown usually on a 4 percent malt extract
solution.
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IV.

EXPERIMENTAL RESULTS

A mild acid hydrolysis of oak sawdust was conducted to
determine the extent of solubilization of the wood which could be
obtained by this method.

The hydrolyzate solutions were character-

ized by the identification of the soluble sugars which were formed.
The amount of fermentable carbohydrates present was determined
using the hydrolyzate as the fermentation medium.

A commercial cellulase preparation was acquired and its
ability to hydrolyze cellulose evaluated.

When it was found that

relatively high concentrations of the enzyme were required to
hydrolyze cellulose, microbial sources of cellulase were studied.
Several microorganisms were grown in submerged culture and
the culture broths produced were assayed for their ability to
hydrolyze cellulose.

In this part of the investigation, the com-

mercial enzyme preparation was used as a standard enzyme for
comparative purposes.

One of the organisms investigated, Pleurotus ostreatus,
was a fungus which was known to be capable of growing on wood
and of degrading the lignin and cellulose.

Broths from cultures

of this organism were assayed for their ability to solubilize wood
as well as cellulose.

The degradation of wood which was obtained

with this organism was comparable to that which was obtained with
the acid hydrolysis.
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One of the organisms, an Alternaria species, was found
to produce culture broths which were much more active 1n decomposing cellulose than the commercial enzyme preparation.
Comparison of the culture broth of the Alternaria sp and that from
two organisms which were known to be highly cellulolytic showed
that the Alternaria sp produced a cellulase of higher activity.

In the interest of producing cellulase from cultures of
Alternaria sp, studies were conducted to determine the optimum
culture conditions for the production of the enzyme.

The products

of hydrolysis formed by the action of this cellulase on swollen
cellulose were characterized.

The experimental results are presented in four parts: (a)
the acid hydrolysis of oak sawdust, (b) the use of a commercial
enzyme preparation as a refe renee for enzymatic work, (c)
screening program, and (d) an investigation of some factors which
affect the production of cellulase by Alternaria sp.

Acid Hydrolysis of Oak Sawdust
This hydrolysis was carried out by placing oak sawdust
in boiling 2 percent sulfuric acid.

The hydrolysis products were

identified by the use of paper chromatography.

Yeast fermentations

were conducted to determine the amount of fermentable carbohydrates
present in the sawdust hydrolyzate.
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The apparatus used for the acid hydrolysis consisted of a
2 1,

3 neck round bottom flask, a storage reservoir which had a

constant level return line, and a pump to move the liquid from
the flask to the reservoir.
was obtained.
Figure 1.

Thus a continuously recycling system

A schematic diagram of the apparatus is shown in

This type of apparatus was chosen because it was able

to operate for a long period of time unattended.

The recycling

system also minimized the further breakdown of sugars formed.

A total fluid volume of 5 1 was used.

This volume did not

include the amount of water absorbed by the sawdust.
flask was charged with 500 gm of sawdust.
added to wetten it.

The reaction

Enough water was

Then 772 ml of acid solution were added.

To

provide a liquid retention time of one hour in the flask, the pump
was adjusted to give a flow rate of 13. 1 ml/min.

First Hydrolysis.

After operating for 28. 5 hours, an

analysis of the solution in the reservoir showed only 12. 7 mg I ml
of organic solids.

At this time the reaction flask was recharged

with a fresh batch of sawdust and the treatment was continued.
After an additional 19 hours the recycling of liquid was found to
have stopped due to the plugging of the return line.

A white sub-

stance was present in the flask and in the return line.

Well formed,

needle shaped crystals were present in the storage reservoir.
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The amount of total organic solids in the hydrolyzate had risen
to 23. 6 mg I ml.

In order to collect and identify the white solid,

the entire mixture was placed in a freezer until analyses could
be made.

When the hydrolyzate was removed from the freezer, it
was entirely frozen.

In order to analyze the hydrolyzate and

identify the unknown solid, the frozen liquid was melted at room
temperature.

After about one-half of the material had melted,

the liquid which had formed was drained off.

The liquid which

resulted from the remaining frozen material was kept separate
from the liquid of the first melting portion.

This procedure

resulted in a concentration of the hydrolysis products in the
first melt.

The volume of the solution which melted first was

2. 8 1.

To identify the white substance, the hydrolyzate was
centrifuged to separate the solid material.

It was found that

the substance could not be melted by the flame of a Bunsen
burner.
solution.

Furthermore, the material did not react with cleaning
In view of these two findings, it was surmised that

the substance was inorganic.
soluble in hot water.

The material was only slightly

Suspecting that it was calcium sulfate,

tests were made for the calcium and sulfate ions. A white

•
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precipitate formed upon the addition of barium chloride to a
solution of the substance in water indicating the presence of the
sulfate ion.

After making a solution of the unknown alkaline,

ammonium oxalate was added.

A white precipitate indicated

the formation of calcium oxalate.

For a confirmation test, the

calcium oxalate precipitate was washed and then dissolved in
6 molar hydrochloric acid.

A flame test of this solution gave an

orange-red flame, confirming the presence of the calcium ion.

The two parts of the hydrolyzate were analyzed for both
organic solids and reducing sugar content.

The solution which

melted first was found to contain 35. 3 mg/ml of organic solids
and 23. 1 mg/ml of reducing sugar.

The other portion was found

to have an organic solids content of 8. 82 mg/ml and a reducing
sugar content of 5. 38 mg/ml.

Paper chromatography was used to identify the principal
sugars present in the hydrolyzate solution.

Using the isopropanol-

water solvent system, one predominant spot was obtained which
indicated that only one sugar was present.

A red- brown color

was given with the aniline reagent indicating a pentose.

By com-

parison of the Rf value of the unknown with those of known compounds, the substance was identified as xylose.
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The part of the hydrolyzate solution having the higher
concentration of reducing sugar was used as a medium for the
submerged culture of Torulopsis utilis in shake flasks.
Ammonium phosphate was added as a nitrogen source.

Several

transfers were required before the yeast became acclimated to
the hydrolyzate medium.

In the first culture, after a culture

period of 101 hours, only a 12. 5 percent decrease in reducing
sugar content was found.

After the fifth transfer, however, 84. 8

percent of the reducing sugar was consumed by the microorganisms.

Second Hydrolysis.

A second hydrolysis was carried out

1n the same manner as the first.

Data illustrating the concentra-

tion of reducing sugar as a function of time are g1ven 1n Table 5.
A decrease in reducing sugar was found to occur after 61 hours.
The reaction flask was recharged with fresh sawdust at this time.

The decrease in reducing sugar could only be attributed
to further decomposition of the monosaccharides formed.

The

hydrolysis was halted after 100 hours, at which time the concentration of reducing sugar was 22. 3 mg/ml.

Analysis of the hydrolyzate for sugars by paper chromatography indicated that xylose was the principal sugar present.
Glucose was present at a low concentration.
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TABLE 5
REDUCING SUGAR CONTENT OF THE SAWDUST
HYDROLYZATE

Time
{hours)

24

36

52

61

75

83

100

Reducing
Sugar
(mg/ml}

7.61

9.88

14. 1

12.8

14.5

19.5

22.3

Total fluid volume:

5 1

Total weight of sawdust:

1, 000 gm

An unidentified fungus was discovered growing on the
residue of the hydrolyzate solution in the storage reservoir.
This fungus was grown on the wood hydrolyzate solution in both
submerged and surface culture.

Growth of the fungus was found

to be better in non-agitated culture.

The fungus was also culti-

vated in mixed culture with the yeast, Torulopsis utilis.

Culture broths of the unknown mold, Torulopsis utilis,
and the joint culture were analyzed for the presence of amino
acids by the use of paper chromatography.

The solvent system

employed was butanol-water-acetic acid as described by Block,
Durrum and Zweig (6).

To strips of paper, 50 A. of the liquid was applied.

A

0. 25 percent solution of ninhydrin in acetone was used to locate
the amino acids.

The ninhydrin positive spots were developed

by heating at 80 °C for 15 minutes.

The results are given in Table 6.

The broth from a

surface culture of the unknown fungus grown on the wood hydrolyzate gave indications of the presence of a reasonable amount of
an amino acid.

From the color of its spot and the apparent R£

value, the identity of the amino acid could have been any one of
these:

alanine, threonine or tyrosine.
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TABLE 6

PAPER CHROMATOGRAPHIC ANALYSIS OF CULTURE BROTHS
FOR THE PRESENCE OF AMINO ACIDS

Spot
Color

Color
Intensity

Mold
Surface Culture

purple

medium

9.3

Wood
Hydrolyzate

pink

light

16. 7

Mixed Culture

purple

very faint

Medium

Rf

X

100

I--·

Not
Yeast

purple
yellow

very faint
very faint

Determined
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A portion of the medium from the surface culture of the
unknown organism was concentrated under vacuum to about 1/6
of its original volume.

Paper chromatographic analysis for

amino acids in this solution was negative.

The possibility of the

production of amino acids using this organism was not considered
to be sufficiently promising to pursue this line of experimentation
further.

The Use of a Commercial Enzyme Preparation
as a Reference for Enzymatic Work
An enzyme preparation designated Cellulase 35 was obtained
as a gift from the Rohm and Haas Company, Philadelphia.

This

preparation was reported to attack cellulose (Solka Floc), starch,
carboxymethylcellulose, cellobiose, and other substances (60).
The optimum pH, with cellulose as the substrate, was given as
4. 5.

A temperature of 50

0

C was reported as being optimum for

reaction periods of one hour or less.

For longer periods, 40 °C

was given as the optimum temperature.

Cellulase 35 was used,

in this investigation, as a standard

for comparative purposes with the various cell-free extracts
studied.

It was also utilized to insure that uniformity in cellulase-

assay substrates was maintained.
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Assay Substrates.

To test its activity on various cellulosic

substances, an experiment was conducted in which cellulose
powder, insoluble carboxymethylcellulose, soluble carboxymethylcellulose, and swollen cellulose were used as substrates.
assays were conducted at 40

0

C and at a pH of 4. 5.

The

The enzyme

preparation was used at a concentration of one mg/ml.

The

increase in reducing sugar in the assay solutions was determined.
The percent hydrolysis was calculated on the basis of the amount
of reducing sugar formed and the amount of substrate present
initially.

The results are given in Table 7.

The enzyme hydrolyzed very little of the cellulose powder.
Significant amounts of soluble hydrolysis products were obtained
from its action upon the other three substrates.

The amounts of

reducing sugar formed from the swollen cellulose and the soluble
carboxymethylcellulose were about the same and roughly twice
that formed from the insoluble carboxymethylcellulose.

However,

the concentration of the soluble carboxymethylcellulose was twice
that of the other substrates.

Because of its insolubility and sensitivity to attack by
cellulose hydrolyzing enzymes, swollen cellulose was selected as
the cellulose substrate to be used in the investigation of potential
sources of cellulase.

It was assumed that an enzyme able to
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TABLE 7
ACTION OF CELLULASE 3 5 UPON VARIOUS
CELLULOSIC SUBSTANCES
Assay Data
Substrates
P. C.

Whatman Standard Grade Cellulose Powder

CMC

Sigma CM Cation Exchanger Carboxymethylcellulose

S. C.

Swollen Cellulose

CMC -7MP : Hercules Cellulose Gum, Medium Viscosity
Carboxymethylcellulose
Apparatus: Warburg, shaking speed 156 oscillations per minute
Enzyme: Cellulase 35, solids concentration= 1 mg/ml
Incubation time: 5. 0 hr
Analysis: Reducing sugar
Analysis Data

Substrate

II
I

Substrate
Concentration
(mg/ml)

Reducing~--rcent
Sugar
olysis*
(mg/ml)

I

P. C.

5. 0

0. 019

CMC

5.0

0. 247

S.C.

5.0

0. 5 05

10. 0

0.518

CMC-7MP

0.38

II

I
I

I

l

I

I

4. 94

I

10. 1
5. 18

I-4

':< Example calculation for P. C. :
Percent Hydrolysis= 0. 019 x ~~~ :::: 0. 019 x 20 = 0. 38
or
Percent Hydrolysis = 20 x Reducing Sugar
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readily hydrolyze swollen cellulose would be capable of hydrolyzing
wood cellulose in its natural state, provided the lignin barrier
could be removed by some means.

An experiment was conducted in which varied concentrations
of Cellulase 35 were applied to swollen cellulose.

The percent

hydrolysis of the cellulose obtained in each case was determined.
The results are given in Table 8.

The protein content of the basic enzyme solution was determined spectrophotometrically.

The data are given in Table 9.

The results indicated that the non-protein content of the enzyme
preparation was about 52 percent.

Hydrolysis Products.

The nature of the hydrolysis products

produced by the action of Cellulase 35 upon swollen cellulose was
determined by the use of both reducing sugar and total organic
solids analyses after the enzyme had been applied to the substrate.
The data and results are given in Table l 0.
made.

Two assays were

In the reducing sugar determination, a yield of 20. l per-

cent hydrolysis was obtained in both cases.

One of the organic

solids determinations gave a 19. 0 percent hydrolysis yield; the
other gave a 19. 8 percent yield.
It should be noted that the percent hydrolysis g1ven by the
organ1c solids determination can not actually be less than that
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TABLE 8
HYDROLYSIS OF SWOLLEN CELLULOSE BY VARIOUS
CONCENTRATIONS OF CELLULASE 35
Assay Data
Substrate: Swollen cellulose, 5 mg/ml
Apparatus:
Enzyme:

Incubating shaker

Cellulase 35

Incubation time:
Analysis:

2. 5 hr

Reducing sugar

Analysis Data
Enzyme Solution
Protein Content
(mg/ml)

1. 20

Percent
Hydrolysis

9.38

2. 40

18.8

3.60

26.8

J
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TABLE 9
PROTEIN DETERMINATION OF CELLULASE 35 SOLUTION

Method:

Spectrophotometric procedure described by Seaman (62)

Dilution factor:

25

Optical Density at 280 mj..l:

0. 198

Optical Density at 260 mJ-L:

0. 153

Ratio (280/260)

:

1. 29

Warburg Correction Factor (F)

:

0. 970

Protein Concentration : 4. 80 mg/ml
Gross solid concentration : 10. 0 mg/ml
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TABLE 10
COMPARISON OF THE PERCENT HYDROLYSIS DETERMINED BY
REDUCING SUGAR AND TOTAL ORGANIC SOLIDS ANALYSES FOR
THE ACTION OF CELLULASE 35 UPON SWOLLEN CELLULOSE

Assay Data

Substrate: Swollen cellulose, 5 mg/ml
Apparatus: Incubating shaker
Enzyme:

Cellulase 35; total solids concentration: 5 mg /ml
reducing sugar concentrationt 0. 370 mg/ml
organic solids concentration: 3. 16 mg/m1

Incubation time:

2. 5 hr

Analyses: Reducing sugar and total organic solids

Analysis Data

Trial

Hydrolysis Products
(mg/ml)

Percent Hydrolysis

Reducing
sugar

Organic
solids

Based On
reducing sugars

Based On
organic solids

A

1. 06

0.95

20. 1

19. 0

B

1. 07

0.99

20. 1

19.8
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given by the reducing sugar determination.

The difference,

how-

ever, between the values of the percent hydrolysis obtained by the
two methods can be attributed to the inaccuracy of the organic
solids determination.

A 20 fold dilution of the enzyme solution

and a 10 fold dilution of the assay solutions were necessary to
remain within the range of the determination.

This was because

of the high organic solids content of ·the en.zyme solution at the
concentration necessary to achieve a significant hydrolysis during
the assay.

In this case, the increase in organic solids which

occurred as a result of the enzyme action amounted to only about
one-third of the quantity that was already present.

Action of Cellulase 35 on Swollen Cellulose. The hydrolysis
of the swollen cellulose made specifically for cellulase assays by
the enzyme, Cellulase 35, is given in Table 8.

Although 10 gm

(dry weight} of swollen cellulose were prepared, this was not a
sufficient quantity for the entire experimentation.

An additional

10 gm of swollen cellulose was prepared in the same manner.
moisture content was found to be 91. 8 percent.

Its

Cellulase 35 was

employed to compare the reactivity of the second substrate with
the first.

Identical conditions were used in the assay except for

a difference in enzyme concentration {protein content}.
of the assay are given in Table 11.

The results
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TABLE 11

HYDROLYSIS OF THE SECOND PREPARATION OF SWOLLEN
CELLULOSE BY CELLULASE 35
Assay Data
Substrate: Swollen cellulose, 5 mg/ml
Apparatus: Incubating shaker
Enzyme:

Cellulase 35, protein content 2. 95 mg/ml

Incubation time:
Analysis:

2. 5 hr

Reducing sugar

Analysis Data
Reducing sugar formed:

1. 13 mg/ml

Percent hydrolysis of the substrate: 22. 6
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In order to compare the specific activities obtained in the
two cases, the ratios of percent hydrolysis to protein content
were computed.

These are given in Table 12.

The difference in

the specific activities obtained was deemed sufficiently small to
consider the susceptibility to hydrolysis of the two swollen
cellulose preparations the same.

Screening Program
Various microorganisms were investigated for their
ability to produce cellulase.

These included some organisms

about which little is known concerning their ability to produce
cellulase and some which are known to be cellulolytic.

The

general procedure employed for the investigation of each microorganism began with an observation of its growth upon cellulose
substances; the decomposition of cellulose particles and the
formation of mycelium was noted and cell-free extracts obtained
from submerged cultures were assayed for the presence of
cellulase.

Soran gium cellulosurn.

Thi s myxobacterium was obtained

from Professor John E. Peterson, University of Missouri at
Columbia.

The salt medium suggested by Peterson (49) was

*

e mployed i n a ll c u ltures .

*

T he organ i s m w a s initi a lly grown on

The medium is given in the Literature Review on page 34.
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TABLE 12

COMPARISON OF THE DEGRADATION OF THE TWO SWOLLEN
CELLULOSE PREPARATIONS BY CELLULASE 35

Substrate

Percent
Hydrolysis

Enzyme
Protein
(mg/ml)

Specific Activity:Ratio of Percent
Hydrolysis to Protein Content

1

18.8

2. 40

7. 84·'

2

22.6

2.95

7.68

filter paper slants.

Growth was slow.

An orange colored slime

appeared within 7 days and gradually spread over the entire paper
strip.

The organism was transferred from filter paper slants to

media in Erlenmeyer flasks.

Various substances were used 1n

attempts to get the organism to grow in submerged culture.

These

substances were: malt extract, methylcellulose, starch, soluble
carboxymethylcellulose, cellobiose, swollen cellulose, and ground
filter paper.

The substrates were used at a concentration of one

percent except for malt extract which was used at a concentration
of 4 percent.

No growth could be detected in shake flask cultures when
malt extract, methylcellulose, starch, soluble carboxymethylcellulose, ground filter paper, and autoclaved cellobiose were
used.

When the cellobiose medium was prepared by filtering

through a sintered glass bacterial filter for sterilization, fairly·
good growth of Sorangium cellulosum

was obtained.

The growth

was in the form of small orange balls.

The organism grew slowly on swollen c ellulose whe n
transferred from cellobiose cultures.
in the culture medium in about 5 days.

An orange color appeared
However, the micro-

organism did not appear to solubilize a noticeable amount o f the
swollen.ce1lulose in culture periods as long as 3 weeks.

Somewhat
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better growth was obtained when Sorangium cellulosum was grown
in mixed culture with Torulopsis utilis.

This will be discussed

later when the mixed culture investigation is described.

Because of the poor growth and little degradation of the
cellulose substances, assays for the presence of cellulase in
culture broths were not conducted.

Alternaria sp NRRL-13, 646.

This fungus was isolated

through the work with Sorangium cellulosum.

It appeared,

apparently as a contaminant, in the attempts to grow the myxobacterium on starch in shake flask culture.

The fungus grew

well in the starch medium forming a heavy white filamentous
growth.

The e>rganism was isolated and applied to cellulosic

substances to test its cellulolytic activity.

The identification of this fungus as an Alternaria was done
by Dr. C. W. Hesseltine of the Northern Utilization Research and
Development Division of the United States Department of Agriculture, Peoria, Illinois.
as signed to it.

However, a species name could not be

The culture was lyophilized and stored as NRRL-

13' 646.

This fungus grew well on malt extract in shake flask culture
but its morphology varied.

In most cases, · it grew in the form of
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a single clump of mycelium having a light color.

At other times

a dark green hairy, diffuse growth was obtained.

It also grew

well on swollen cellulose in shake flask culture.

A clumping of

mycelium and cellulose always resulted so that in 5 to 7 days a
single clump was present in a clear culture broth.

In time, the

cellulose was completely consumed by the organism.

In shake flask culture, utilizing ground filter paper as the
substrate, clumping also occurred.

The amount of mycelium

formed and the extent of the degradation of this substrate was
less than that which occurred with swollen cellulose.

The color

of the mycelium varied from a light cream to a dark green under
these conditions.

On the basis of its ability to consume cellulose, further
work was done to determine its ability to produce cellulase. The
fungus was grown in the fermentor.

At various times, samples

were withdrawn and assayed for the presence of cellulase i:a the
cell-free extracts.
in Table 13.

Culture data for the fermentation are given

The assay results are given in Table 14.

The first sample was assayed for activity on both powdered
cellulose and swollen cellulose.

An undiluted enzyme solution

(buffer solution was not added) was employed with the powdered
cellulose.

The percent hydrolysis was calculated from the increase

71

TABLE 13

CULTURE AND ASSAY DATA FOR THE CULTURE
OF ALTERNARIA SP IN THE FERMENTOR

Culture Data
Mineral medium: Mineral medium described for Trichoderma
viride (57)
Substrate: Insoluble carboxymethylcellulose, 1 o/o
Initial pH:

6. 0

Temperature:
Air rate:

28 - 30 °C

2. 5 CFH

Impeller speed:
Inoculum:

65 0 RPM

5 day shake flask culture grown on swollen cellulose

Assay Data
Substrates:

Powdered cellulose (P. C. ) and swollen Cellulose
(S.C. ), 5 mg/ml

Apparatus:

Warburg

Enzyme:
Analysis:

Cell-free extracts, undiluted for assay with P. C.
Reducing sugar

TABLE 14
CELLULASE ACTIVITY OF ALTERNARIA SP
CELL-FREE EXTRACTS
Culture
Time

Protein
(mg/ml)

Substrate
(5 mg/ml)

Assay
Time

Assay
pH

Percent
Hydrolysis

1

135

Not
Determined

P.C.

10. 0
10.0

5.5
5.5

0.32
4 9. 1

2

158

s. c.

2.5
5.5
7.5
10.0

5.5
5.5
5.5
5.5

38.6
50.0
50. 0
33.0

3

181

Not
Determined

s. c.

2.5

3.9

11. 9
23. 1
36.5
38.2
37.0

Not
Determined

P.C.

2.5

5.5

s. c.

2.5

5.5

Sample

4

205

5

208

0. 412

0.530

s. c.

4.4
5.3
5.4
5.8

0.34

4 0.8

-J
N
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in reducing sugar expressed as glucose.

Very little of the cellu-

lose powder was hydrolyzed but the swollen cellulose was extensively degraded.

The cell-free extract from the second sample was applied
to swollen cellulose in four different assay incubation periods
from 2. 5 to 10. 0 hours.

The results indicated a decrease in reduc-

ing sugar after a maximum had been reached between 5. 0 and
7. 5 hours.

There were two possible ways to explain this:

(a)

the presence of an enzyme which further degraded glucose and
(b) the presence of contaminating microorganisms which utilized
the glucose.

The cell-free extract was not found to have any

effect when applied to a pure solution of glucose.
latter must have occurred.

Therefore the

Since the appearance of contaminating

microorganisms would likely occur whenever a significant amount
of glucose was produced in an assay hydrolysis, it was decided to
utilize a relatively short assay period whenever possible.

In a

period of 2. 5 hours it was assumed that contaminants would not
be able to multiply to the extent that the glucose which they consumed would be a significant portion of the glucose formed.

The

addition of a bactericidal agent to assay media was thought to be
undesirable because of i ts likely effect upon enzyme action.

The third sample was employed to determine the optimum
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pH for the action of the enzyme upon swollen cellulose.
results are plotted in Figure 2.
be between 5. 3 and 5. 5.

The

The optimum pH was found to

Since the latter value had been used

previously, the remainder of the assays with cell-free extracts
from cultures of Alternq.ria sp were conducted at pH 5. 5.

Samples 4 and 5 were used to conduct assays on powdered
cellulose and swollen cellulose.

A protein determination was

made in order to compare the hydrolyzing power of this enzyme
with that of Cellulase 35.

The comparison is illustrated in Table 15.

Under identical conditions of temperature, assay time, and substrate, and using the optimum pH of each, the cell-free extract
obtained from the fermentation of Alternaria sp was estimated
to possess about 20 times more hydrolyzing power (on a protein
content basis) than Cellulase 35.

The estimation was made by

calculating the concentration of Cellulase 35, assuming the enzymetime product relationship held, required to obtain a 40. 8 percent
hydrolysis.

At the end of 208 hours, the fermentation was terminated.
The culture liquid was drained off, filtered, and placed in a freezer.
Later, two 60 ml aliquots were freeze dried and portions of the
resulting solid material were assayed for cellulase.
are given in Table 16.

The results

Although a high percent hydrolysis was

75

40
38
36
34
32
30
fl.)
•r-f
fl.)

28

!>-.

,......j

0
H

26

'U

n::!>-. 24
.
~

s::

(1.)

u

22

H

(1.)

p... 20

18
16
14
12

4.0

4.5

5.0
pH

5.5

6. 0

FIGURE 2

OPTIMUM pH DETERMINATION FOR CELLULASE
DERIVED FROM ALTERNARIA SP

76

TABLE 15

COMPARISON OF THE ACTIVITIES OF ENZYMES FROM
ALTERNARIA SP AND CELLULASE 35 UPON
SWOLLEN CELLULOSE

Protein
Concentration
in Assay
Solution
(mg/ml)

Percent
Hydrolysis

Specific Activity:
Ratio of Percent
Hydrolysis to
Protein Content

Cellulase 35

2. 40

18. 8

7.84

Alternaria sp

0.265*

40.8

Enzyme

::.~

154

This value is one-half the value given in Table 14 for the protein
concentration in the cell-free culture broth of sample 5. The
use of buffer solution in the assay caused the protein concentration
in the assay solution to be one-half that in the cell-free culture
broth.
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TABLE 16

ASSAY FOR CELLULASE IN LYOPHILIZED ALTERNARIA SP
CULTURE MEDIUM
Assay Data
Substrate: Swollen cellulose, 5 mg/ml
Apparatus: Warburg
Enzyme: Freeze dried culture medium from fermentation of
Alternaria sp
Incubation time:

2. 5 hr

Analysis: Reducing sugar

Analysis Data

Aliquot

Volume
(ml)

Weight of Freeze
Dried Material (mg)
Total Amount Used
in Assays

Volume*
Corresponding
to Weight
Used in
Assays (ml)

Percent
Hydrolysis

A

60

907.6

70

4.62**

50.0

B

60

944.2

70

4.45

49.0

* The usual volume of culture broth used for the assa,ys was 2. OOml.
** Computed as follows:

70
60 x 907•6

= 4. 62
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obtained, more than twice as much enzyme was used as compared
to the previous assays.

Therefore about 50 percent of the activity

of the enzyme was lost in the frozen storage and the lyophilization
process.

A shake flask culture of Alternaria sp grown on swollen
cellulose was assayed for cellulase using powdered cellulose and
swollen cellulose.

The results are given in Table 17.

The degra-

dation of swollen cellulose in the assay was considerably less than
that obtained with the fermentation medium.

Isolated Air-borne Fungi.

Several microorganisms were

isolated by exposing filter paper slants to the atmosphere.

The

molds were isolated by streaking them out on malt extract agar.
These organisms were designated as A, B, and C.

The A fungus

was later shown to be a mixture of two microorganisms.
the designation was extended to A 1 and A 2 .

Thus

A summary of the

growth characteristics of the fungi on malt extract, insoluble
carboxymethylcellulose and swollen cellulose in shake flask
cultures is given in Table 18.

On the basis of growth on carboxymethylcellulose and
swollen cellu.l ose, organism B was the

only one that appeared

promising enough to investigate further.

An attempt was made

to grow B on ground filter paper in shake flask culture.

The
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TABLE 17
ASSAY FOR CELLULASE IN SHAKE FLASK CULTURE
OF ALTERNARIA SP

Culture Data
Mineral medium:

Consisting of the following substances per liter
4. 0 gm

Substrate:

K 2 HP04

4. 0 gm

MgS0 4 · 7H 2 0

0. 5 gm

Swollen Cellulose, lo/o

Temperature: Ambient
Culture Age:

4 days

Assay Data

Apparatus:
Enzyme:

War burg

Cell-free extract

Incubation time:
Analysis:

10. 0 hr

Reducing sugar
Analysis Data

Substrate
(5 mg/ml)

Percent
Hydrolysis

P. C.

0.28
5.20

s ·. c.
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TABLE 18
GROWTH OF ISOLATED AIR-BORNE FUNGI
IN SHAKE FLASK CULTURE

MyceliUm. Characteristics
Color
Growth
Form

Substrate

Organism

Insoluble

A

fair

orange

CMC

B

good

dark green

c

poor

brown

Swollen

A

poor

orange

Cellulose

B

fair

black

small pellets

c

none

Malt

Al

good

orange

large clump

Extract

Az

good

green

small pellets

B

good

black

small pellets

small pellets
pellets
small pellets
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resulting growth was poor.

Several shake f.lask cultures of B

grown on swollen cellulose were assayed for cellulase.
sults are given in Table 19.

The re-

The hydrolysis of swollen cellulose,

in the one case, was comparable to that which was obtained with
the cell-free extract prepared from the 2. 5 1 culture of Alternaria
sp.

A fermentation was conducted with organism B utilizing
swollen cellulose as the substrate.

The results of the assays

conducted with samples from the fermentation are given in
Table 20.

The activity which was obtained was not as high as

that obtained with Alternaria sp,.

Myrothecium verrucaria NRRL-2003.

This fungus was

obtained from the Northern Utilization Research and Development
Division of the United States Department of Agriculture, Peoria,
Illinois.

The organism was grown initially on malt extract and

then was transferred to swollen cellulose in shake flask culture.

A fermentation was conducted using swollen cellulose as
the substrate.

The data and results of assays conducted with

samples taken from the fermentor are given in Table 21.

The

microorganism was also grown in shake flask culture and fermented
using ground filter paper as the subst;r.ate.

Table 22 gives the

results of an assay conducted with a cell-free extract from a
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TABLE 19
ASSAY FOR CELLULASE IN SHAKE FLASK CULTURES
OF ORGANISM B
Culture Data
Swollen cellu lose, 1%

Substrate:

4. 0 gm
K 2 HP04

4. 0 gm

MgSO 4 · 7H2 0

0. 5 gm
1. 0 1

Temperature: Ambient

Assay Data
Apparatus:
Enzyme:

Analysis:

~arburg

Cell-free extracts, no dilution of enzyme solution
were made
Reducing sugar
Analysis Data

Culture
Age
(days)

Final
pH

Assay
Substrate
(5 mg/ml}

Assay
Period
(hours)

Percent
Hydrolysis

13

6. 5

P. C.

10. 0

0. 1

15

6.6

P. C.

10. 0

0

4

3.7

s. c.

5. 0

22. 0

11

3.7

s. c.

5. 0

42.6
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TABLE 20
CULTURE DATA AND CELLULASE ASSAY RESULTS FOR THE
CULTURE OF ORGANISM B IN THE FERMENTOR
Culture Data
Mineral medium:

Medium described for Trichoderma viride (57)

Substrate: Swollen cellulose, 1 o/o
6~.

Initial pH:

Temperature:
Air rate:

l · ·'

28 - 30 °C

2. 5 CFH

Impeller speed:
Inoculum:

65 0 RPM

7 day shake flask grown on swollen cellulose

Assay Data
Substrate: Swollen cellulose, 5 mg/ml
Apparatus:

Warburg

Incubation time:
pH:

2. 5 hr

5. 5

Analysis:

Reducing sugar
Analysis Data

Culture Time
(hours)

72
96

144
171
194
214

Percent Hydrolysis

0. 40
1. 83
l.Z8
8.06
5. 12
3.80
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TABLE 21
CULTURE DATA AND CELLULASE ASSAY RESULTS FOR
THE FERMENTOR CULTURE OF MYROTHECIUM
VERRUCARIA GROWN ON SWOLLEN
CELLULOSE
Culture Data
Substrate: Swollen cellulose, 1 o/o
Mineral medium: Medium of Saunders, Siu and Genest (61}
Initial pH: 7. 0
T empera t ure: 28 - 30

Air rate:

oc

2. 5 CFH

Impeller speeq:

65 0 RPM

Inoculum: 12 day shake flask grown on swollen cellulose
Assay Data
Apparatus:

War burg

Incubation time:
Enzyme:

2. 5 hr

Cell-free extract, undiluted broth was used for P. C.

pH: 5. 5
Analysis:

Reducing sugar
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TABLE 2.1 (continued)

Analysis Data

Sample

Culture Time
(hours)

Substrate
(5 mg/ml)

Percent
Hydrolysis

I

1

2

144

168

P. C.

0.52
10.7

P. C.

0.82
11.4

P. C.

1. 60
11. 2

P. C.

0.68
8.80

s. c.
s. c.

3

4

208

280

s. c.
s. c.

TABI..E 22
CULTURE DATA AND CELLULASE ASSAY FOR THE SHAKE FLASK
CULTURE OF MYROTHECIUM VERRUCARIA GROWN ON
GROUND FILTER PAPER
Culture Data
Ground filter paper~ 20 mesh,

Substrate:

Mineral medium:

1%

Medium of Saunders, Siu and Genest (61)

Temperature: Ambient
Assay Data
Apparatus:
Enzyme:
pH:

Warburg

Cell-free extract, undiluted broth was used for P. C.

5. 5

Analysis:

Reducing sugar
Analysis Data

Substrate
(5mg/ml)

Incubation Time
(hr)

Percent Hydrolysis

S.C.

2.50

22.8

s. c.

5.00

33. 0

Ground
F. P.

5.00

3.8
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shake flask culture.

Table 23 gives the results of the assays

conducted with samples taken from the fermentor.

An organic solids determination was made in conjunction
with the reducing sugar determination which was performed in the
assay of sample number 3.

The precent hydrolysis according to

the increase in organic solids was 15. 0 as compared to the 14. 6
percent hydrolysis determined by the increase in reducing sugar.
This indicated that glucose was essentially the only product of the
enzymatic hydrolysis.

After a culture time of 28 0 hours the fermentation was
continued by adding fresh medium periodically.

Fresh medium

containing one percent filter paper was prepared and autoclaved.
Each time a sample was taken thereafter, an equivalent volume
of the fresh medium was added to the fermentor.

At the end of 446 hours, the fermentation was halted.

At

this time, the culture broth, remaining cellulose and mycelium
were collected.

The solid material was separated from the broth

by centrifugation.

The solids were washed with 25 0 ml of 0. 1

molar pH 5. 5 phosphate buffer, separated by centrifugation, and
then were eluted with 250 ml of one percent soluble carboxymethylcellulose in buffer solution.

The fermentation broth, buffer extract,

and carboxy.methylcellulose-buffer extract were assayed for the
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TABLE 23
CULTURE DATA AND CELLULASE ASSAY RESULTS FOR THE
FERMENTOR CULTURE OF MYROTHECIUM VERRUCARIA
GROWN ON GROUND FILTER PAPER

Culture Data
Substrate: Ground filter paper, 20 mesh, 1%
Mineral medium:
Initial pH:

Medium of Saunders, Siu and Genest {61)

6. 8

T empera t ure :

30

oc

2. 5 CFH

Air rate:

Impeller speed:

650 RPM

Inoculum: Shake flask culture grown on filter paper

Assay Data
Substrates: Swollen cellulose and powdered cellulose, 5 mg/ml
Apparatus:
Enzyme:
pH:

Incubating shaker

Cell-free extracts, undiluted broth used for P. C.

5. 5

Analysis:

Reducing sugar

Indubation time:

2. 5 hr for swollen cellulose
5. 0 hr for powdered cellulose
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TABLE 23 {continued)
Analysis Data

Sample

1

Culture Time
{hr)

184

Pe:rce;nt
Hydrolysis

Substrate
(5 mg/ml)

s. c.

12.2

P. C.
2

209

0

s. c.

16.2

P. C.
3

23.6

0

s. c.

14. 6

P. C.
4

280

0

s. c.
P. C.

16.8
'

0

5

330

s. c.

19.0

6

351

s. c.
P. C.

19.0
0

s. c.

19.8

7

401
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presence of cellulase using both swollen cellulose and powdered
cellulose.

The reason for doing this was to determine if any

cellulase active on cellulose powder (not present in the cell-free
extracts} could be eluted from the solid particles of cellulose in
the fermentation medium.

The results are given in Table 24.

No cellulase which was active on powdered cellulose was obtained.
However, a significant amount of cellulase which was active on
swollen cellulose was eluted with both the buffer solution and the
buffer -carboxymethylcellulose solution.

The total activity con-

tained in these solutions was about 25 percent of the total activity
in the fermentation broth.

Furthermore, the pH value which was

utilized may not have been the optimum pH for the elution of the
solids~ .

In any case, it was apparent that a significant portion

of the cellulase produced by the organism was adsorbed by the
insoluble cellulose.

T richoderma viride NRRL-2314.

This fungus was also obtained

from the culture collection of the Northern Utilization Research
and Development Division of the Department of Agriculture, Peoria,
Illinois.

The organism grew well on malt extract and swollen cellulose
in shake flask culture.

It did not grow well on filter paper and

failed to degrade this type of cellulose to a significant degree.

90

TABLE 24
CELLULASE ACTIVITY OF EXTRACTS FROM THE ELUTION
OF FERMENTATION SOLIDS
Extraction Data
Volume of buffer extract: 250 ml
Volume of buffer-CMC extract:

250 ml

Volume of culture broth: 2 l
Assay Data
Substrates: Swollen cellulose and powdered cellulose, 5 mg/ml
Apparatus: Incubating shaker
Enzyme: Extracts were undiluted for powdered cellulbse assay
Incubation time:

18.5 hr

Analysis: Reducing sugar
Analysis Data
Substrate

Percent Hydrolysis

Ferm.
Broth

s. c.

31. 8
0

Buffer
Extract

s. c.

Buffer
CMC
Extract

s. c.

Enzyme

P.C.

P. C.

P. C.

19.8
0
42.2
0
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The or.ganism was cultured on swollen cellulose in the 5 1
fermentor.

Samples were assayed for the presence of cellulase

in the same manner as samples from previous cultures.
from shake flasks were also assayed for cellulase.
gives the results of the shake flask assays.

Broths

Table 25

The results of the

fermentation are given in Table 26.

Pleurotus ostreatus NRRL-2366. This fungus was also
supplied by the United States Department of Agriculture, Peoria,
Illinois.

It was initially grown on malt extract in shake flask

culture.

It grew readily on this medium where its mycelium was

in the form of many small white balls possessing hair-like
projections.

The mineral medium selected for use with this

organism was patterned after a medium utilized by Tsao (77).
The pH of the medium was adjusted to 5. 5 with phosphoric acid.

Pleurotus ostreatus was found to grow very well on 4 percent oatmeal in shake flask culture.
in the form of a large clump.

The mycelium initially grew

The mycelium of a shake flask

culture was broken up in a Waring Blender and then transferred
to new oatmeal medium; mycelium in the form of small yellow
pellets was produced in the new cultures.

Subsequent transfers

with the pellet type mycelium resulted in the same type of growth.
Attempts to grow the organism on swollen cellulose in shake flask
culture were unsuccessful.
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TABLE 25
CULTURE DATA AND CELLULASE ASSAYS FOR SHAKE FLASK
CULTURES OF TRICHODERMA VIRIDE GROWN ON
SWOLLEN CELLULOSE
Culture Data
Substrate:

Swollen cellulose, 1%

Mineral medium:

Medium described by Reese and Mandels (57}

Temperature: Ambient

5. 5

Initial pH:

Assay Data
Swollen cellulose, 5 mg/ml

Substrate:
Apparatus:
Enzyme:
pH:

Incubating shaker

Cell-free extracts

5. 5

Incubation time:
Analysis:

2. 5 hr

Reducing sugar
Analysis Data

Culture Age
(days)

Percent Hydrolysis

10

15

12

21.8
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TABLE 26
CULTURE DATA AND CELLULASE ASSAY RESULTS FOR THE
FERMENTOR CULTURE OF TRICHODERMA VIRIDE
GROWN ON SWOLLEN CELLULOSE
Culture Data
Substrate:

Swollen cellulose, 1%

Mineral medium:

Medium described by Reese and Mandels (57)

5. 5

Inictial pH:

Temperature:

29 °C

2. 5 CFH

Air rate:

Impeller speed:
Inoculum:

650 RPM

3 day shake flask grown on s-wollen cellulose

Assay Data
Substrate:

Swollen cellulose, 5 mg/ml

Apparatus:
Enzyme:
pH:

Incubating shaker

Cell-free extracts

5. 5

Incubation time:
Analysis:

2. 5 hr

Reducing sugar
Analysis Data

Sample

1
2
3
4

Culture Period
'(hr)

137
184
236
282

Percent Hydrolysis

6.84
8. 18
10.5
8.00
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Since Pleurotus ostreatus was known to be a wood rotting
fungi, its growth on oak sawdust was investigated.

Some sawdust

was obtained from the site of a sawmill and was ground to pass
60 mesh in a Wiley Mill.

Because it w-as thought that there might

he a difference in the susceptibilities to microbial attack of old
drie-d sawdust and fresh moist sawdust, a small white oak tree,
having a diameter of about 8 inches at its base, was cut down and
sawdust was prepared from it.

Pleurotus ostreatus was initially grown in both surface
and submerged culture using each of the three types of sawdust*
fortifiec;i with yeast extract as the substrate.

In surface culture,

15 gm of sawdust and 45 ml of the mineral medimn containing 2
percent yeast extract were placed in 3 00 ml Erlenmeyer flasks.
For submerged culture, 2 gm of sawdust were combined with 60
ml of the liquid medium in Erlenmeyer flasks.

The organism

was grown in the same manner on sawdust fortified with oatmeal
{1 gm of oatmeal per flask for surface culture and 0. 5 gm per
flask for submerged culture).

In both cases only little growth of the organism in submerged culture was observed.

In culture periods as long as one

~.;:These types of 'Ba.wdust are described under

Methods" page 43.

11

Materials and
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month, there appeared to be little decrease in the amount of
sawdust in the cultures.

In surface culture, however, the

organism grew in the form of a white, diffuse mycelium over
the top of the sawdust.

Growth was better in the sawdust-oat-

meal cultures than in the cultures utilizing sawdust fortified
with yeast extract.

The oatmeal-sawdust mixture possessed a

porous texture such that the mycelium was able to permeate
through the medium.

The sawdust yeast extract mixture was in

the form of a cake and the mycelium merely grew over the top.

In all the surface cultures, the growth of Pluerotus
ostreatus was good on the fresh sawdust prepared from the sapwood.
The growth of the orga,nism on the fresh sawdust prepared from the
heartwood and on the old dried sawdust was poor.

The organism

produced deformed fruiting bodies on the oatmeal-sapwood sawdust
surface cultures.

Since the organism grew better on the sapwood than on the
heartwood, samples of both sawdusts were extracted with boiling
water to determine if the presence of extractable substances in
the sawdust affected the growth of Pluerotus ostreatus.

The

extraction was carried out by autoclaving samples of each of the
sawdusts under w ater for 30 minutes.

After this tr ,e atm ent the

liquid was drained off and the sawdusts were extracted three
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times by placing in water and boiling for 5 minutes.

After the

final boiling treatment the sawdusts were again placed in water
and autoclaved.

All of the extracts for each sawdust were combined.

Reducing sugar and total organic solids determinations were run on
the extracts to determine the amount of organic material removed.
The results of these determinations are given in Table 27.

The quantity of organic solids present in the sapwood extract amounted to 4. 55 percent of the sapwood sawdust.
heartwood sawdust, 3. 88 percent was extracted.

With the

The amount of

reducing sugar in the sapwood extract was 14. 6 percent of the
organic material and was 17. 1 percent in the heartwood extract.

When the extracted sawdusts were employed in surface
culture no difference in the growth of Pleurotus ostr eatus on the
two could be ascertained.

The growth was similar to that which

was obtained with the non-extracted sapwood sawdust.

It was

concluded that the white oak heartwood contained water extractable
substances which inhibited the growth of Pleurotus ostreatus.

The

sapwood apparently did not contain these inhibitory substances.

Several assays for cellulase were conducted using the
broths from both surface and submerged cultures grown on oak
sapwood .

A surface culture, in which the substrate consisted

of sawdust fortified with yeast extract, was assayed for the
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TABLE 27
AMOUNT OF ORGANIC MATERIAL EXTRACTED FROM
SAPWOOD AND HEARTWOOD

Sawdust

Dry weight {gm)
Extract volume {ml)

Sapwood

Heartwood

179

241

3,690

3, 440

Reducing sugar {mg/ml)

0.322

0.497

Organic solids {mg/ml)

2. 21

2.80

Total reducing sugar {gm)

1. 19

1. 60

Total organic solids {gm)

8. 15

9.35

Percent organic material extracted*

4.55

3.88

Percent reducing sugar of organic
material in extract

*

14. 6

17. 1

Based on the total organic solids analysis of the extracts
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presence of cellulase using swollen cellulose.
culture liquid was pressed from the solids.

The residual

Then the solids

were extracted with 25 ml of one percent low viscosity carboxymethylcellulose in 0. l molar pH 5. 5 phosphate buffer.

Both

solutions were assayed for activity.

A surface culture of the organism growing on sapwood
sawdust fortified with oatmeal was assayed for cellulase activity.
Liquid could not be pressed from this culture.

The enzyme was

prepared by extracting the culture solids with 25 ml of 0. 1 molar
pH 5. 5 phosphate buffer.

The broths from shake flask sawdust-

oatmeal cultures and oatmeal cultures were assayed for the
presence of cellulase also.

Both swollen cellulose and a 32-40

mesh fraction of hot-water-extracted-sapwood sawdust were
utilized as substrates for these assays.

Both the increase in

reducing sugar and the increase in total organic solids in the
assay solutions were determined.

Undiluted enzyme solutions

were employed ia all but the last three assays.
conducted at a pH of 5. 5.

All assays were

The results are given in Table 28.

Significant hydrolysis of both the swollen cellulose and
wood substrates resulted.

Best results were obtained with the

sawdust-oatmeal shake flask cultures.

A culture broth from one

of these cultures gave a 45. 6 percent hydrolysis of swollen
cellulose in the 24 hour assay period.

Another gave 10.4 percent

TA.bL.J:!,j

t.~

ASSAY FOR CELLULASE IN CULTURES OF PLEUROTUS OSTREATUS

Culture Data

Assay Data
I

Culture

Surface
Sawdust
Yeast
Extract
Surface
Sawdust
Oatmeal

Shake
Flask
Sawdust
Oatmeal

Culture
Age
(days)

32

34

23

Time
(hrs)

Substrate
(5 mg/ml)

Method*

Broth

S.C.

1ft

(), 26 .

5.2

CMC
Extract

s. c.

R

0. 11

2.2

25 ml
Buffer
Extract

s. c.

R

0. 30

6. 0

Wood

0

0

0

Broth

s. c.

R

2.28

R

o. 16

0

0.60

Enzyme
Solution

Hydrolysis
Products
(mg/ml)

Percent
Hydrolysis

5. 0

24. 0

24.0

45.6

Wood

p..\
t\j

Cit
~

~
~

12

---

'-.0
'-.0

TABLE 28 (continued)
Shake
Flask
Sawdust
Oatmeal

16

24.0

Broth

S.C.

R

o. 46

R

0. 103

0

0.51

9.2

Wood

Shake
Flask
Oatmeal

4

24.0

Broth

s. c.

R

10

Contaminated

R

0. 72

0

0. 21

4.2

0

Wood

Shake
Flask
Oatmeal
Shake
Flask
Sawdust
Oatmeal

7

2.5

Broth

S.C.

R

0

34

2.5

Broth

s. c.

R

0.521

34

2,5

Broth

s. c.

R

0.214

-

10.4
4.28

L_

* R = Reducing sugar,

0 = Organic Solids
......
0
0
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hydrolysis of swollen cellulose in 2. 5 hours.

Wood hydrolysis

amounted to 10 and 12 percent from the solutions prepared from
the sawdust-oatmeal submerged cultures.

Mixed Cultures.

The microorganisms Alternaria sp.,

B mold, Torulopsis utilis, Pleurotus ostreatus, and Sorangium
ce1lulosum were grown in mixed cultures in shake flask culture.
Observations of the degradation of cellulose by the mixed cultures
were made.

All binary combinations of the microorganisms were

used except for the combination of Alternaria sp and Organism B.
These two fungi were similar in their growth and mycelial
characteristics.

The mixed culture pairs are given in Table 29.

Culture observations made after a period of 5 days are
given in Table 30.

At the end of 10 days, little change had occurred

in the appearance of the cultures except for the yeast which became
visible in the Pleurotus ostreatus- Torulopsis utilis culture.

With the exception of the cultures containing Sorangium
cellulosum,

the growth and breakdown of the swollen cellulose

substrate was not better in the mixed cultures compared to that
in pure cultures.

In every case, one of the organisms appeared

to dominate the other.
Better growth of Sorangium cellulosum, as indicated by
appearance of the characteristic orange pigment in the cultures,
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TABLE 29
MIXED CULTURE PAIRS

Sorangium cellulosum - Alternaria sp

{S-A)

Sorangium cellulosum - Torulopsis utilis

(S-T)

Sorangium cellulosum - Pleurotus ostreatus

{S-P)

Sorangium cellulosum - B organism

{S-B)

Alternaria sp - Torulopsis utilis

(A-T)

Alternaria sp - Pleurotus ostreatus

(A-P)

B organism - Torulopsis utilis

{B-T)

B organism - Pleurotus ostreatus

{B-P}

Pleurotus ostreatus - Torulopsis utilis

{P-T}
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TABLE 30
OBSERVATIONS OF MIXED CULTURES GROWN ON
SWOLLEN CELLULOSE
Culture Pair

Observations

S-A

Very little growth of A
Orange colored growth of S is present

S-T

T not detectable
Orange colored growth of S predominates

S-P

Very little growth of P
Orange colored growth of S is apparent

S-B

Very little growth of B
Orange colored growth of S is apparent

A-T

T not detectable
Growth of A appears normal

A-P

Growth of P, if any, is masked by A
Growth of A appears normal

B-T

T not detectable
Growth of B appears normal

B-P

Very little, if any, growth of B
Growth of B appears normal

P-T

T not detectable
Very little growth of P
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was demonstrated in the mixed cultures than had been obtained
previously in pure cultures with swollen cellulose as the substrate.
The best growth was obtained in the Sorangium cellulosumTorulopsis utilis culture.

The improved growth may have been

due to a growth nutrient supplied by the second organism.

Break-

down of cellulose in the Sorangium cultures was not extensive.

The results for the cellulase assays conducted on the
mixed culture broths are given in Table 31.

The amount of

activity which was demonstrated was not high enough in any of
the cultures to warrant the continuation of the mixed culture
experiments.

An Investigation of Some Factors Which Affect the
Production of Cellulase by Alternaria sp
Detail ed investigations were conducted with Alternaria sp
to determin e the best substrate, substrate concentration, pH, and
temperature, and the degree of agitation required for the optimum
production of cellulase.

The hydrolysis products produced by the

a ction of c e llulas e upon s wollen c e llulose w e r e also ide ntif ied.

Shake flask culture was utilized for all of the experiment ation exc e pt f or the d e t ermination o £ the e f f e ct of agita tio n .
this study, the 5 1 fermentor was also used.

All assays for

In
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TABLE 31
ASSAYS FOR CELLULASE PRESENT IN CULTURE BROTHS
FROM MIXED CULTURES
Assay Data
Swollen cellulose, 5 mg/ml

Substrate:
Apparatus:
Enzyme:
pH:

Warburg

Cell-free extracts

5. 5

Incubat:i.,on time:
Analysis:

2. 5 hr

Reducing sugar
Analysis Data

Culture Pair

Culture Age
{days)

Percent Hydrolysis

B-P

10

3.6

B-T

10

3.2

A-P

10

11. 5

A-T

10

10.9

P-T

10

S-T

12

0.70

S-A

12

0.72

S-B

12

0.60

S-P

12

0.40

No analysis performed

_,

'·•,,.

.,.

~.~
~

_...,."

'

..

1(}6

cellulase were carried out at a pH of 5. 5 with an incubation time
of 2. 5 hours using the controlled temperature shaker.

Since the

optimum culture period for the greatest yield of cellulase in the
culture broth could not be predicted, several cultures were
employed in each run and were assayed at various times.

The

activity of the enzyme obtained in each case was expressed as
the percent hydrolysis of swollen cellulose determined by the
increase in reducing sugar.

The mineral medium described for use with Trichodea:-ma
viride {57) was used initially for the experiments with Alternaria
sp.

Ammonium sulfate and urea were the sources of nitrogen

in this medium.

During these early studies, difficulty with a

rise in pH during growth of the organism and a resultant low
cellulase activity were encountered.

In an attempt to offset this,

alternate sources of nitrogen were investigated.

Effect of Nitrogen Sources. Three different mineral media
were prepared and tested to determine the effect of the inorganic
nitrogen source upon the change in culture pH and the formation
of cellulase.

The media are given in Table 32.

Medium I contained

ammonium sulfate, medium II contained ammonium phosphate, and
medium III contained both urea and ammonium sulfate.

Each of

the media was employed in shake flask culture and assays were

107

TABLE 32.

MINERAL MEDIA EMPLOYED IN THE DETERMINATION OF
THE EFFECT OF NITROGEN SOURCE ON CULTURE pH
AND CELLULASE ACTIVITY

Medium I

Medium III

Medium II

KH 2 Po4

3.0

KH 2 Po4

3.0

KH PO
2'
4

2. 0

MgSO 4 · 7I;J.2 0

0. 3

MgS0 4 - 7Hz0

0.3

MgS0 4 · 7Hz0

0. 3

(NH4)zS04

1.5

(NH4 )HzP04

1.5

(NH4lzS04

1.5

Peptone

1.0

Peptone

1.0

Urea

0. 3

Peptone

1.0

I

The weight of each substance is given in gm/1
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conducted to determine the cellulase activity in each.

The results are given in Table 33.
II produced the highest activity.

Cultures with medium

The pH inthese cultures varied

very little from the initial value.

The pH of the cultures employ-

ing medium I rose slightly and the activities were less than that
with medium II.

Medium III, containing urea and ammonium

\
sulfate, gave the poorest results.

The pH in these cultures rose

over one pH unit and the resulting cellulase activity was low.
These results indicated that the presence of urea in the culture
medium caused a rise in pH during the growth of the organism
and a corresponding low cellulase activity in the culture broth.

Effect of Substrate. Several substances, both cellulosic
and non-cellulosic, were employed in determining which substance
would cause the production of the most cellulase.

The culture

data, including the substrates utilized, are given in Table 34. The
results of the cellulase assays conducted on the cell-free extracts
from these cultures are also given in Table 34.

The results showed that filter paper produced the most
cellulase in the culture broths.

The highest activity was the 50. 2

percent hydrolysis obtained with the culture broth of the 12 7 hour
filter-paper-culture.

The next best substrate was swollen
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TABLE 33
THE EFFECT OF NITROGEN SOURCES ON CULTURE pH
AND CELLULASE ACTIVITY
Culture Data
Substrate:

Ground filter paper. 1 o/o

Initial pH:

Medium I
Medium II Medium III-

Temperatl.~re:

Inoculum:

6. 5
6. 2
6. 4

Ambient

2. 00 ml of a 7 day culture grown on malt extract

Assay Analysis Data

Culture Age (hr)
Mediur.q

I

:

II

III

-

36

104

128

152

Final pH

6.9

6. 7

6.6

6. 7

P ·e rcent
Hydrolysis

3. 16

16. 7

22.8

21. 0

Final pH

6.4

6.2

6.0

6.2

Percent
Hydrolysis

7. 3 0

33.6

48.0

39.6

Final pH

7. 0

7. 1

7.3

7.6

.Percent
Hydrolysis

4. 10

12. 7

18.6

16.2
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TABLE 34

THE EFFECT OF SUBSTRATE ON CELLULASE FORMATION

Culture Data

Mineral medium: Medium for use with Trichoderma viride (57)

Substrates:

Glucose, 2o/o
Malt extract, 4%
Insoluble CMC, 1%
Ground filter paper, 1%
Swollen cellulose, 1 o/o

.

Soluble CMC (medium viscosity), 1 o/o

Initial pH:

6. 2

Inoculum:

2. 00 ml of a 4 day malt extract culture
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TABLE 34 (continued)

Assay Analysis Data

Substrate

Culture Age (hr)
122

169

242

Malt

Final pH

2.6

2.5

2.3

Extract

o/o Hyd.

9. 0

9.6

5.2

Final pH

2.7

2. 2

2.6

o/o Hyd.

0. 36

1.3

1.9

Insoluble

Final pH

6.6

6.5

6.6

CMC

o/o Hyd.

23.6

28.0

12. 1

Filter

Final pH

5.9

6.4

8. 1

Paper

o/o Hyd.

50. 2

46. 0

1.1

Swollen

Final pH

4.9

5.9

6. 6

Cellulose

o/o Hyd.

35. 6

40.4

34.6

Soluble

Final pH

6. 7

6.7

6. 3

CMC

o/o Hyd.

2.94

Glucose

14. 0

0
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cellulose which yielded 40. 4 pe.rcent hydrolysis.

The cellulosic

substrates all gave higher activities than the non-cellulosic
substrates.

The culture pH values for the glucose and malt extract
cultures dropped below 3 during the culture period.

The culture

pH values of the filter paper and swollen cellulose cultures rose
during the culture period.

The filter paper culture assayed

after 242 hours showed a pH of 8. 1.

There was very little growth

of the organism or cellulase present in the broth.

Filter paper was used as the substrate for the remainder
of the studies.

From this experiment and the previous one, it

appeared that 5 days was about the optimum culture time for the
formation of cellulase in the broths of cultures propagated on
filter paper.

Effect of Substrate Concentration.

This experiment was

conducted to determine the effect of substrate concentration on
the ' formation of cellulase.

Culture media having filter paper

concentrations of 3. 33, 6 , 6 7, 10. 0, and 13. 3 mg /ml were inoculated and later assayed for the presence of cellulase.

The results

are given in Table 35.
The activity produced was found to be proportional to the
amount of substrate present.

However, the final pH of the cultures

113

TABLE 35
EFFECT OF SUBSTRATE CONCENTRATION ON THE
PRODUCTION OF CELLULASE

Culture Data
Mineral medium:
Substrate:

Medium for use with Trichoderma viride (57)

Ground filter paper

Initial pH of medium:
Temperature:
Inoculum:

6. 0

Ambient

2. 00 ml of a 2 day malt extract culture

Assay Analysis Data

Substrate
Cone entra tion
{mg/ml)

Culture Age {hr )

120

'

Final pH

168

1o Hyd.

Final pH

% Hyd.

13. 3

5.6

60.2

6. 6

44.2

10. 0

6.9

44.4

7. 1

27.2

6.67

7.6

22.2

7.6

17.6

3.33

7.7

9.62

7. 6

8.78
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also varied with the amount of substrate present.

The pH of the

120 hour culture, having the highest concentration of filter paper,
dropped from the initial value by about 0. 4 pH units.

The final

pH values of the other 120 hour cultures were above the initial
value.

The pH values at the end of 168 hours were higher than

at the end of 120 hours.

The reason for the variation of pH with

substrate concentration was not established.

In view of these results, the experiment was repeated
using concentrations of 10. 0, 13. 3, and 16. 7 mg/ml.

It was

thought that the ratio of peptone to filter paper might have had
some affect upon the growth and the pH of the culture broth.

For

this reason, one set of flasks was prepared in which peptone was
not present in the medium and one set was prepared which had a
constant ratio of one mg of peptone per 10 mg of filter paper.
The results of the cellulase assays conducted with the broths
from these cultures are given in Table 36.

Very little interpretation of the results could be made
because of the low activities.

The pH did rise more in the cultures

containing peptone and was highest in the cultures having the highest
concentrations of peptone.
appear typical.

The growth of the organism did not

There was very little of the dark colored mycelium

present in any of the flasks and not all of the substrate and
mycelium clumped as usual.
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TABLE 36
EFFECT OF SUBSTRATE CONCENTRATION ON THE PRODUCTION
OF CELLULASE USING VARIED AMOUNTS OF PEPTONE

Culture Data
Mineral mediwn: Medium for Trichoderma viride (57)
Substrate: Ground filter paper (G. F. P. )
Initial pH:

6. 0

Temperature: Ambient
Inoculum:

2. 00 ml of a 2 day malt extract culture

Assay Analysis Data
Culture Age {hr)

Substrate
Cone entr a tion
(mg/ml)

120
Final pH

168

% Hyd.

Final pH

% Hyd.

G. F. P.

Peptone

16.7

16. 7

8.3

2.40

8.2

13.3

13.3

8.2

4.52

8. 1

10. 0

10. 0

8.0

7.66

7.2

assays

8.68

7.2

made

16.7

0

7. 7

13.3

0

7.4

10.0

0

7.7

14.4
5.26

7.5
7.8

no
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The experiment was rerun again using ammonium phosphate as the inorganic nitrogen source.

Substrate concentrations

of 5. 0, 10. 0 and 15.0 mg/ml were employed.
given in Table 3 7.

The results are

Again the highest activities were obtained in

the culture broths from cultures having the highest concentration of
substrate.

The pH also varied, with substrate concentration, but

it did not with culture time.

The cultures with the highest con-

centrations of substrate had the lowest pH.

The pH of the cultures

containi~g 5. 0 mg/ml of filter paper was about 0. 2 of a pH unit

above the initial pH of the medium.

The pH of the cultures having

a substrate concentration of 15. 0 mg/m1 was about 0. 5 of a pH
unit below the initial value.

The difference between the activities obtained from the
broths of the cultures having filter paper concentrations of- 15. 0
and I 0. 0 mg/ml was not as great as the difference in the activities
obtained from the cultures having filter paper concentrations of
10. 0 and 5. 0 mg/ml.

In view of this~ it is probable that the in-

crease in activity which would be obtained from cultulieS having
higher substrate concentrations than 15. 0 mg/ml would not be
great.
In a ny cas e , it c an b e conclude d that with the mineral
medium employed in the last run of this experiment, higher
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TABLE 37
EFFECT OF SUBSTRATE CONCENTRATION ON THE
PRODUCTION OF CELLULASE USING AMMONIUM
PHOSPHATE AS THE NITROGEN SOURCE
Culture Data
Substrate:

Ground filter paper

Mineral medium:

MgS04 • 7H 2 0

0. 3 gm

(NH4 )H 2 Po4

1. 5 gm

KH 2 Po4

3. 0 gm

Peptone

1. 0 gm
1. 0 1

Initial pH:

6. 2

Temperature: Ambient
Inoculum:

2. 00 ml of a 3 day malt extract culture
Assay Analysis Data

Substrate
Cone.
(rng/m 1)

92
Final pH

o/o

Culture Age (hr)
122
Hyd. Final pH o/o Hyd.

146
Final pH o/o Hyd

15. 0

5.7

55.8

5.9

57.8

5.8

52.2

10. 0

6.3

44.6

6. 2

50.4

6.2

50.4

5. 0

6.4

31. 6

6.4

36.6

6.4

40.6

'
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concentrations of substrate will cause the production of a
greater amount of cellulase.

The amount of substrate employed,

in a practical sense, would depend upon which was more important; the amount of activity produced or the savings in the quantity
of substrate employed.

In this experiment it was demonstrated

that a 3 fold increase in substrate concentration resulted in a
42 percent increase in activity.

Effect of pH. Buffered culture media were utilized in
attempts to maintain the culture pH at a constant, predetermined
value.

The first experiment was run using a buffering system

composed of 0. 05 molar mono-hydrogen potassium phosphate and

0. 1 molar citric acid.

Various ratios of the two were combined

to give pH values of 4. 0, 5. 0, 6. 0, and 7. 0.

The results are

given in Table 38.

Except in the pH 7. 0 cultures, the pH did not remain
constant during the culture periods but rose by as much as 3 pH
units.

The cellulase activities were all low.

It was concluded

that the phosphate-citric acid buffer system was unsatisfactory
for this work.

The experiment was repeated using di-hydrogen sodium
phosphate and m0n9--hydrogen potassium phosphate solutions as
the buffering system.

Both 0. 2 molar and 0. 4 molar solutions
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TABLE 38
EFFECT OF pH ON THE FORMATION OF CELLULASE USING
THE POTASSIUM PHOSPHATE-Cil'RIC ACID
BUFFER SYSTEM
/

Culture Data
Substrate:

Ground filter paper, 1%

Mineral medium: Medium for Trichoderma viride (57)
Temperature: Ambient
Buffer system:
Inoculum:

0. 05 molar K 2 HP04 - 0. 1 molar citric acid

2. 00 ml of a 2 day malt extract culture

Assay Analysis Data

Initial
pH

Culture Age (hr)

120
Final pH

168

% Hyd.

Final pH

4 .. 0

8.0

4.90

8.2

5.0

8.9

5.20

8. 1

6.0

8. 0

4.22

7. 8

7.0

7. 2

4.70

7.4

o/o Hyd.
no
assays
were
run

120

were utilized to obtain pH values of 5. 0, 6. 0 and 7. 0.

The

results of the cellulase assays conducted from broths of these
buffered cultures are given in Table 39.

After a period of 5 days all of the culture pH values rose
slightly from the original values (0. 1 to 0. 4 pH unit).

The pH

of the cultures in which the greater buffer strength was employed
did not remain more constant than did the 0. 2 D."lelar buffered
cultures.

Difficulty with the reducing sugar analysis (dinito-

salicylic acid method) in the assay of the pH 7. 0, 0. 4 molar
culture was encountered.

A white precipitate formed in the assay

tube and no color was produced.

Therefore results for this

culture were not obtained.

It can be concluded from these results that the best pH
value may be between 5 and 6.

Activity was higher in the pH 6

culture than in the pH 5 culture with the 0. 4 molar buffered medium
but the reverse · was

true

with

the 0. 2 molar buffered medium.

The experiment was rerun using 0. 2 molar phosphate
buffered solutions at pH values between 5. 0 and 6. 2 in 0. 3 pH
unit increments.

Ammonium phosphate was utilized as the

nitrogen source in the medium in place of urea and ammonium
sulfate.

The results are given in Table 40.
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TABLE 39
EFFECT .OF pH ON THE FORMATION OF CELLULASE
USING THE PHOSPHATE BUFFER SYSTEM

Culture Data
Substrate:

Ground filter paper, 1 o/o

Mineral mediwn: Medium for Trichoderma viride (57)
Temperature: Ambient
Buffer system:
Inoculum:

0. 2 and 0. 4 molar NaH 2 PO4 -K2 HP04

2. 00 ml of a 2 day malt extract culture

Culture time:

120 hr

Assay Analysis Data

Buffer
Molarity

0. 20

0. 40

% Hyd.

Initial
pH

Final
pH

5.0

5.4

31.0

6.0

6.2

16.3

7. 0

7. 1

5.46

5. 0

5. 3

4 .92

6. 0

6. 2

7. 0

7.2

12.0

*
'•

~:<

Reducing sugar analysis failed
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TABLE 40
EFFECT OF pH ON THE FORMATION OF CELLULASE
Culture Data
Substrate:

Ground filter paper, 1 o/o

Mineral medium (eXicluding buffer compo ~ent s ):
MgS04 · 7H 2 0

0. 3 gm

(NH4 )HzP04

1. 5 gm

Peptone

1. 0 gm
1. 0 1

0. 2 molar NaH 2 Po4 -K 2 HP04

Buffer system:

Temperature: Ambient
Inoculum:

2. 00 ml of a 4 day malt extract culture
Assay Analysis Data

Initial
pH

Culture Age

rz-o

94
Final pH

o/o

Hyd.

Final pH

(hr)

150

% Hyd.

Final pH

% Hyd.

5. 0

5. 3

16.0

5.2

16. 2

5.3

24.4

5. 3

5. 6

11. 3

5.4

Z5.8

5.4

36. 0

5. 6

5. 8

14.3

5.9

31. 8

5.7

38.6

5. 9

6. 2

10. 8

6. 1

29.4

6. 1

30. 6

6. 2

6.4

6.4

18. 0

6.4

27.8

7. 72
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The pH of each culture in this experiment rose slightly
as before.

The average change was about 0. 2 pH units.

The

results of the assay of the 15 0 hour cultures, which gave the
highest activities. are plotted in Figure 3.

The percent hydrolysis

obtained in each cellulase assay is plotted as a function of the
initial pH of the culture.

A maximum activity of 38. 6 percent

hydrolysis was obtained from the culture having an initial pH of
5. 6.

It was concluded that the best pH for the production of

cellulase was in the range of 5. 6 to 5. 7.

The maximum cellulase a.ctivities obtained in each run of
the previous experiments conducted with Alternaria sp, with the
exception of the buffered pH runs, are tabulated in Table 41.
They are plotted as a function of final culture pH in Figure 4.

Although the culture conditions in each case were not the
same, the plot shows a fairly good correlation between final
culture pH and cellulase activity.
were between 6. 0 and 6. 2.

All initial culture pH values

As can be seen in Figure 4, when the

final culture pH was near or below the initial value. cellulase
activity was high.

When the culture pH rose, cellulase activity

was correspondingly low.
Effect of Temperature.

A reciprocating shaker was

employed to determine the effect of culture temperature on the
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TABLE 41
TABULATION OF THE MAXIMUM CELLULASE ACTIVITIES
OBTAINED IN PREVIOUS RUNS
Nitrogen
Source

Substrate
Cone.
(mg/ml}

Culture
Age
(hr)

Final
Culture
pH

% Hyd.

~

(NH4)2S04

10. 0

152

6. 7

31. 0

10. 0

128

7.3

18. 6

10. 0

122

5.9

50.2

13.3

120

5.6

60.2

10. 0

120

6. 9

44.4

6.67

120

7. 6

22.2

3.33

120

7. 7

9.62

16. 7

120

8.3

2. 40

13.3

120

8.2

4.52

10. 0

120

8. 0

7.66

16. 7

120

7. 7

8.68

13.3

120

7.4

10. 0

120

7. 7

15. 0

122

5.9

57.8

10. 0

122

6.2

50.4

10. 0

128

6. 0

48.0

5. 0
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6.4

40.6

(NH4)2S04

+
Urea
with
Peptone

(NH4)2S04

+

Urea
without
peptone

(NH4 )H 2 Po4

14.4
5.26
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formation of cellulase.

Five runs were conducted separately

and in the order listed in Table 42.

The mineral medium used

was the same as given in Table 3 7 in which ammonium phosphate
was the nitrogen source.

The substrate, ground filter paper,

was used at a concentration of one gm per 100 ml of culture
medium.

The initial pH of the medium was 6. 2.

Four flasks

were used for each run.

The maximum activities obtained were 48. 2 percent
hydrolysis at 27 °C, 43 . 6 percent hydrolysis at 30 °C, and 6. 58
percent hydrolysis at 33 °C.
was obtained.

However, rin run 4',_· no activity

Run number 5, conducted at 25

0

C, also produced

no activity.

Five flasks were inoculated for the fifth run instead of
four.

The extra flask was placed on the rotary shaker while the

others were incubated at 25 °C on the reciprocating shaker.

The

broth from the culture on the rotary shaker was assayed for cellulase at the end of 161 hours with the last of the constant temperature cultur e s that wer e assayed.

The percent hydrolysis obtained

from the culture on the rotary shaker was 13. 6 as compared to
less. than one given by the constant temperature culture.
Thus it was demonstrated that the rotary action shaker was
better for the production of cellulase than the reciprocating shaker
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when filter paper was the substrate.

Cultures maintained on the

rotary shaker produced a single, large clump of mycelium and
cellulose.

Large clumps did not

for~

in the cultures which were

placed on the reciprocating shaker.

The activity obtained from the culture on the rotary shaker
was much less than was expected just as were the activities obtained in the last two controlled temperature runs.

Furthermore,

activities were also very low in cultures (described later) grown
in the 5 1 fermentor which were conducted at the same time and
from the same inocula as the last two controlled temperature runs.
Therefore, it was concluded that the organism had lost part of its
cellulase producing power through repeated transfers on malt
extract.

In order to compare the activity produced by cultures on
the rotary shaker with cultures grown on the incubating shaker,
several flasks were inoculated from a malt extract culture prepared from an original slant of the organism.

The temperature

of the incubating shaker was maintained at 27 °C.

High activities

had been obtained at this temperature previously.

Cultures from

both the rotary shaker and incubating shaker were assayed for
cellulase activity at the end of 69, 112 and 143 hours.

The results

are given in Table 43.

1.25379 .
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TABLE 43
COMPARISON OF THE CELLULASE PRODUCED BY CULTURES
MAINTAINED ON TIE ROTARY SHAKER AND THE
RECIPROCATING SHAKER

Culture Data
Substrate:

Ground filter paper, 1 o/o

Mineral medium:

Given in Table 37

Assay Analysis Data
Culture Age (hr)

,

Temperature

Apparatus
69

Rotary

Final pH

Shaker

o/o Hyd.

122

143

6. 0

5.6

5.4

26. 0

28.0

33.6

Ambient
'.

47

°c

Re.Q ,ipr9 ca.:t ing Final pH
Shaker

o/o Hyd.

6. 2
9.74

6.2
11. 7

6. 1
5.30
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Activities produced by the cultures were lower than those
which were obtained

previously~

incubated at 27 °C.

An activity of only 11. 7 percent hydrolysis

particularly in the cultures

was obtained in the incubated run as compared to 48. 2 percent
hydrolysis obtained before at the same temperature.

Again it

was demonstrated that higher activities resulted from cultures
grown on the rotary shaker than those grown on the reciprocating
shaker.

In view of the first three controlled temperature runs and
previous activities obtained from cultures grown at ambient
temperature {22-26 °C} on the rotary shaker, it was concluded
that the optimum temperature for the production of cellulase was
about 27 °C.

The maximum percent hydrolysis which resulted

from the first 27 °C run was 48. 2.

The activity in the next two

runs conducted at 30 °C and 33 °C decreased with increasing
temperature.

The maximum activity which had been obtained

from cultures on the rotary shaker at ambient temperature was
50. 4 percent hydrolysis for a substrate concentration of one
percent.

Since it was also demonstrated that the activity developed

in the cultures propagated on the reciprocating shaker was less
than that developed in ,c ultures on the rotary shaker, it is likely
that the 50.4 percent hydrolysis produced at ambient temperature
(below 27 °C) would have ·been less if the culture had been grown
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on the reciprocating shaker.

Effect of Agitation.

Initially four Erlenmeyer flasks were

inoculated with the organism.

Two of the flasks were placed on

the rotary shaker and two were left stationary in the same room.
After 6. 5 days the flasks were assayed for cellulase.
are given in Table 44.

The results

Although the enzyme activity in the

stationary cultures was significant, the maximu.:rn value was only
slightly more than one-third
from the agitated cultures.

of the activity found in the broth
Therefore agitation was necessary

to produce the maximum amount of enzyme.

To determine the effect of agitation on the production of
cellulase, studies were conducted with the 5 1 fermentation
apparatus using 3 different impeller speeds.

The air rate for

each fermentation was chosen so that the rates of oxygen supply
in each culture were the same.
suppress any effect of aeration.

This procedure was selected to
It was assumed that the aeration

level selected provided sufficient oxygen for the fermentations.

The results of the cellulase assays made on the cultures
are given in Table 45.

Shake flask cultures which were inoculated

with the same inoculum used for each fermentation were placed on
the rotary shaker and were used as control cultures.
assayed along with samples from the fermentor.

These were
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TABLE 44
COMPARISON OF THE CELLULASE ACTIVITIES OF BROTHS
FROM AGITATED AND NON-AGITATED CULTURES
OF ALTERNARIA SF

Culture Data
Substrate:

Ground filter paper, 1%

Mineral medium:
Culture Age:
Temperature:

Given in Table 37

192 hr
Ambient

Assay Analysis Data

Agitation

Culture

Final pH

Percent Hydrolysis

Rotary

A

6.0

40.8

Shaker

B

6. 1

42.0

A

6.3

15.0

B

6.4

None

4. 04
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TABLE 45
CELLULASE ASSAY RESULTS OF FERMENTATION OF
ALTERNARIA SP AND SHAKE FLASK
CONTROL CULTURES
Fermentation Culture Data
Substrate:

Ground filter paper, 1%

Initial pH:

5. 7

Mineral medium:
Inoculum:

Medium given in Table 37

One malt extract shake flask culture
Assay Analysis Data
Impeller , Temp.
(oC)
Speed
(RPM)

Air Rate
(CFH)

0. 8

810

1.2

650

30

27

Culture
Age
(hr)

1

650

27

Fermentation

Control
Cultures

69

0. 72

102

2. 10

142

3.94

11. 3

69

0.56

26.0

112

3.00

28.2

143

4.82

33.6

10.8

25.4

119

16 ... 4 .

14.2

149

9.22

192

8.34

41
2.5

Percent Hydrolysis

8. 22
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The first fermentation was conducted with an impeller
speed of 810 RPM.
was very low.

The cellulase activity in the culture fluid

The activity in the shake flask control culture

was somewhat higher but only about 25 percent of what was
expected.

The second fermentation was conducted at a slower

impeller speed.

Enzymatic activity was again very low.

The

activity in the shake flask control cultures was much higher but
still lower than expected.

The third fermentation was conducted at 650 RPM and at
an aeration rate of 2. 5 CFH.

These were the same conditions

used for the 2. 5 1 submerged culture conduc:ted in the screening
program from which the maximum activity obtained was 40. 8
percent

hydrolysis~

The maximum activity obtained in this

fermentation was 16.• 4 percent hydrolysis.

This was about three

times the activity produced by the second culture

~<: this

study

which was run at the same impeller speed but at a lower aeration
rate.

Because of the low values of activity obtained in these
fermen.tatiQns, conclusions could not be drawn regarding the
best impeller speed for the production. of cellulase in thefermentor.
In each fermentation. foaming was a problem.

The insoluble

-

cellulose and mycelium tended to rise above the level of the culture
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liquid with the foam.

It formed a heavy mat, particularly

around the pH electrodes and the cooling finger, leaving the
culture liquid with a much lower solids concentration than if
homogeneity had been maintained.

Because the addition of antifoam agent was necessary in
each fermentation to curtail foaming, General Electric Silicone
10 Antifoam was investigated to determine if it effected the

formation of cellulase.

Two shake flask cultures were utilized.

To one of the cultures 0. 5 ml of the antifoam agent was added at
the time of inoculation.

Both cultures were tested for cellulase

activity after a period of 161 hours.
was low.

The activity in both flasks

The culture without antifoam produced a cellulase

activity of 13. 6 percent hydrolysis, while 14. 7 percent hydrolysis
was obtained with the culture containing the antifoam.

It was

concluded that the antifoam agent did not affect the formation of
cellulase.

Hydrolysis Products From the Action of Alternaria sp
Cellulase on Swollen Cellulase.

The hydrolyzate solutions of

three assays of shake flask cultures were analyzed for an increase
in both reducing sugar and total organic solids.

Two of these had

been conducted earlier on cultures in the 27 °C and 30 °C controlled
temperature runs.

The activity from both of these cultures was
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42. 0 percent hydrolysis.

. The third assay was conducted on a

culture grown on the rotary shaker.

A comparison of the reducing

sugar and the organic solids analyses for the three cases is given
in Table 46.

The ratio of the increase in weight of organic solids

to the increase in weight of reducing sugar for each of the cultures
was fairly constant.

Using the average value of this ratio and

assuming that the hydrolysis products consisted entirely of cellobiose and glucose, the relative amounts of glucose and cellobiose
were calculated..

For L 32 mg of organic solids per mg of reducing

sugar, the relative amounts were computed to be 51. 5 percent
glucose and 48. 5 percent cellobiose.

Additional means were employed to confirm this characterization of the hydrolysis products.

An enzyme solution obtained

from a 143 hour shake flask culture (a previous assay had given
33. 6 percent hydrolysis) was applied to swollen cellulose.

Full

strength culture broth was used in order to hydrolyze a large
amount of the swollen cellulose.

The resulting hydrolyzate

solution was analyzed for an increase in reducing sugar and total
organic solids.

The percent hydrolysis calculated from the increase

in reducing sugar was 45. 7; from the increase in organic solids it
was 60. 2.

The ratio of the weight of the organic solids formed to

that of the reducing sugar was again l. 32.
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TABLE 46
COMPARISON OF THE INCREASE IN REDUCING SUGAR WITH
INCREASE IN TOTAL ORGANIC SOLIDS IN
ASSAY HYDROLYZATE

Assay

Hydrolysis Products (mg/ml) mg Organic Solids
per
mg Reducing Sugar
Organic
Reducing
Sugar
Solids
Average
Individual

1

2. 10

2~64

1. 26

2

2. 10

2 . 83

1. 35

3

1. 06

1.44

1. 36

I. 32
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Two additional analyses were performed on the hydrolyzate.
Paper chromatography was used to identify qualitatively the sugars
present and glucose oxidase was employed to determine the amount
of glucose present.

Paper chromatography confirmed the presence

of both glucose and cellobiose.

Higher polysaccharides were not

detected.

Glucose oxidase was added to portions of the hydrolyzate
in order to enzymatically determine the amount of glucose present.
The procedure employed was patterned after the.method described
by Hough and Jones (31 }.

In each treatment, one ml of the

hydrolyzate, 0. 3 ml of glucose oxidase at a concentration of 2
mg/ml, and 2 ml of 0. 1 molar pH 5. 5 phosphate buffer were used.
The solutions were incubated at 30 °C.

A solution of a known

glucose concentration was treated in the same manner.

Following

incubation, the solutions were analyzed for reducing sugar in order
to determine the decrease in glucose concentration.

The results of the glucose oxidase treatment are given in
Table 4 7.

Since all of the glucose in the standard solution was

oxidized by the glucose oxidase during the incubation periods
employed, it was ·assumed that all of the glucose in the hydrolyzate was also oxidized.

The total amount of glucose in the hydroly-

zate solution, determined by this procedure, was 1. 72 mg/ml in
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TABLE 47
DETERMINATION OF THE AMOUNT OF GLUCOSE IN THE
HYDROLYZATE BY THE USE OF GLUCOSE OXIDASE

Hydrolyzate Data
Total reducing sugar:
Total organic solids:

2. 49 mg/ml
3. 90 mg/ml

[ncr ease in reducing sugar during hydrolysis:
[ncrease in organic solids during hydrolysis:

2. 29 mg/ml
3. 01 rng/ml

Ratio of increase in organic solids to reducing sugar:

1. 32

Assuming the hydrolysis products consisted of only glucose
and cellobiose:
amount of glucose formed:
amount of cellobiose formed:

1. 55 mg/ml
1. 46 mg/ml

Glucose Oxidase Analysis Data
Solution
Treated

Incubation
Time
(hr)

Reducing Sugar Content (mg/ml)
Initial

Final

Decrease

A
Hydrolyzate

4.0

2.49

0.77

1. 72

B

8. Q

2.49

0.64

1.85

A

4.0

1. 80

0. 03

1. 77

~

8.0

1. 80

0

1. 80

Standard
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the first case and 1. 85 mg/ml in the second.

The predicted

amount of glucose which resulted from the hydrolysis was 1. 55
mg/ml.

The maximum possible amount of glucose in the enzyme

solution before the hydrolysis was about 0. 2 mg/ml.

Therefore

it was possible that the glucose content of the hydrolyzate was as
high as 1. 75 mg/ml.

Thus there was agreement, within experi-

mental error, between the calculated amount of glucose and that
found to be in the hydrolyzate using glucose oxidase.

It was concluded that the products of hydrolysis formed
from the action of Alternaria sp cellulase upon swollen cellulose
were glucose and cellobiose in nearly a one to one ratio .

.Because of the relatively large amount of cellobiose formed
upon hydr:olysis, it was possible that there was no cellobi@se
present in the Alternaria sp cultur,e broths.

Ln order to determine

if cell-free extracts fli(l)m Alternaria sp cultures contain cellobiase,
two separate culture br,c;;>ths were tested for their action on
cello bios e.

In the first experiment, an enzyme solution was applied to
swollen cellulose in the usual manner.

After 2. 5 hours of incuba-

tion, the hydrolyzate was separated by centrifugation.
was taken and analyzed for reducing sugar content.

A sample

The remainder

of the hydrolyzate was incubated for an additional 65 minutes.
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After the second incubation period the solution was again
analyzed for reducing sugar content to determine if any increase
had occurred.

The total amount of reducing sugar present after the 2. ·5 hour
incubation period was 1. 70 mg/ml.

After an additional incubation

of 65 minutes the reducing sugar analysis indicated a concentration
of 1. 73 mg/ml.

Since the two values were very nearly the same,

it wa,.s concluded that little or no hydrolysis of cellobiose occurred
durin~

the second incubation period.

In another test for the presence of cellobiase, an enzyme
solution was prepared from a shake flask culture and was applied
to a pure solution of cellobiose.

The enzyme gave a 46. 8 percent

hydrolysis when assayed for cellulase on swollen cellulose.

In

this tes t for cellobiase, equal volumes of the enzyme solution and
cellobiose solutions were combined and incubated at 40 °C.

Two

trials were conducted using incubation times of 2. 5 and 7. 5 hours.
After incubation, the solutions were analyzed to determine if any
increase in reducing sugar had occurred.
in Table 48.

The results are given

The analysis showed that a very small increase in

reducing sugar occurred.

This indicated that there may be a

small amount of cellobiase present in Alternaria sp culture broths.
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TABLE 48
.SSA Y FOR CELLOBIASE IN ALTERNARIA SP CULTURE BROTHS

Assay Details
Concentration of Cellobiose solution:
Volume of Cellobiose solution:
Volume of Enzyme solution:

2 mg/ml

4. 00 ml

4. 00 ml

Incubation temperature: 40 °C
pH:

5. 5

Assay Analysis Data

Incubation
Time
.( hr)

Reducing Sugar (mg/ml)
Total

Increase

0

0.830

--

2.5

0.885

0.055

7.5

0.870

0. ,040

'
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V.
Methods.

DISCUSSION

The assays for cellulase activity in culture

broths were an important part of this work.

The procedure used

for the detection and quantitative evaluation of cellulase in the
cell-free extracts consisted of three steps:

(a) the preparation

of the enzyme solution, (b) the application of the enzyme solution
to a cellulosic substrate, and {c) the determination of the products
of hydrolysis.

The preparation of the enzyme solution involved the adjustment of pH and the physical separation of the liquid from the
culture solids.

Vacuum filtration through a sintered glass

bacterial ;filter was employed to insure that cell-free extracts
were obtained.

This filtration was probably unnecessary in most

cases but it was utilized at all times to maintain uniformity in the
assay procedure.

However, it should be noted that with cultures

such as Alternaria sp growing on filter paper, it might have been
advantageous to use centrifugation to separate the broth from the
culture solids.

This would have circumvented the possible loss

of cellulase activity which might have occurred with the use of the
bacterial filter.

It is possible that some enzyme denaturation

occurs when foaming of liquid takes place under vacuum filtration.
It was necessary to er:p.ploy culture broths which were cellfree in the cellulase assays so that the breakdown of the assay
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substrate was purely a result of the action of the enzymes present.
Furthermore, since chemical analyses of the hydrolysis products
were used to determine the extent . of breakdown of the substrate,
it was imperative that there
by living microorganisms.

b~

no utilization of the sugars formed

Although the use of cell-free extracts

insured the absence of culture organisms in the enzyme solution,
the possibility of contamination occurring during the assay incubation period was not eliminated.

Since the assay solutions were

not protected with a bactericidal agent, conditions were suitable,
except for the relatively low pH value of 5. 5, for the propagation
of bacteria when sugars were liberated into the assay solution by
enzyme action.

Contamination was found to occur when incubation

periods longer than 7 hours were employed and there was either
a substantial amount of sugar formed by the action of cellulase or
a significant amount of sugar present in the enzyme solution at the
start.
When the insoluble types of cellulose were used as substrates in cultures, the sugar content of the culture broths was
:tlways very low.

Because of the low initial sugar content,

iifficulty with contamination was not encountered when the short
:tssay period of 2. 5 hours was used.
Enzyme action in the assay s was terminated by centrifuging
:he assay mixture and decanting the hydrolyzate solution from the

146

remaining solids.

Although this was not an instantaneous method

of stopping enzyme action, the additional contact time between
enzyme and substrate was only a small fraction of the total
incubation time.

The amount of enzyme activity encountered did

not warrant any refinement of this procedure.

The 'separation of the assay solution from the insoluble
substrate did not preclude the possibility of further enzymatic
hydrolysis of soluble polysaccharides.

However, when glucose

was found to be the only hydrolysis product, it was either rapidly
formed from intermediate polysaccharides by the action of
cellobiase, or it was formed directly as a result of cellulase
attack on the cellulose molecules.

Both cellobiose and glucose

were found to be produced by the action of Alternaria sp culture
broths on swollen cellulose but no further hydrolysis of cellobiose
was detected after an assay solution was separated from the
swollen cellulose and allowed to stand for 65 minutes.

The amount of reducing sugar present in the assay
hydrolyzate solutions produced by enzyme action was taken as an
indication of the percent hydrolysis of the assay substrate.

An

ana:tysis of total soluble organic material (total organic solids)
was used to determine whether or not glucose was the principal
b.ydrolysis product.

In botihth,e se analyses it was necessary to
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run controls to determine the soluble products resulting from
the enzyme action.

When glucose was the only product of hydrolysis, the
measurement of the increase in reducing sugar in the hydrolyzate solution was an accurate means of determining the percent
hydrolysis of the substrate.

When cellobiose was formed, the

reducing sugar determination was not an accurate means of
finding the amount of solubilization of the substrate unless the
relative amounts of cellobiose* and glucose were known.

The Use of Cellulase 35.

Cellulase 35 was successfully

employed as a standard enzyme to insure that uniform substrates
were employed in the cellulase assays.

It was also used as a

means of evaluating the cellulase produced by cultures of
Alternaria sp.

Glucose was found to be the only product of the

action of Cellulase 35 on swollen cellulose.

This was in agree-

ment with the reported presence of a cellobiase in the enzyme
preparation which would convert cellobiose to glucose (60).
Cellulase 35 produced very little solubilization of powdered
cellulose.

,,,

-..On a weight basis, cellobiose has only about one-half as much
reducing sugar content as glucose.
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Hydrolysis of Oak Sawdust. Oak sawdust was hydrolyzed
both enzymatically and with 2 percent sulfuric acid.

It was clear

from this experimentation that more intense acid conditions were
necessary to hydrolyze a significant portion of the cellulose in
oak sawdust.

In the first attempt to hydrolyze oak sawdust, about

8 percent of the sawdust appeared as reducing sugar and 11 percent as organic solids in the hydrolyzate in a 48 hour period.

In

the second experiment, lasting 100 hours, a little more than 11
percent of the sawdust appeared in the hydrolyzate as reducing
sugar.

In view of this, it is likely that only the more readily

hydrolyzed portion of the wood was solubilized.

The enzymatic hydrolysis of sawdust was conducted with
extracts from cultures of the wood rotting fungus, Pleurotus
ostreatus.

Surprising results were obtained with culture broths

of the fungus grown on a mixture of oatmeal and sawdust in shake
flask culture.

When a broth from a 23 day old culture was applied

to hot water extracted oak sapwood, 12 percent hydrolysis, as
determined by a total organic solids analysis, was obtained.
Another assay conducted using the broth of a ten day old culture
gave a 10 percent hydrolysis of the wood substrate.

These results

were obtained in an incubation period of 24 hours.
It is difficult to compare the results of the acid hydrolysis
with the enzymatic hydrolysis because of the differences in the
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substrates, quantity of substrates and the amount of the hydrolyzing agent.

In the acid hydrolysis, 1000 gm of old, dried saw-

dust was hydrolyzed with a total of 1 00 gm of sulfuric acid used
as a 2 percent solution.

The enzymatic hydrolysis was conducted

using 40 mg of hot water extracted sapwood in 8 ml of the enzyme
solution.

The protein content of the enzyme solutions was not

determined.

The results of the enzymatic hydrolysis were promising
enough to warrant further work with Pleur0tus ostreatus or other
wood rotting fungi.

The Production of Cellulase by Microorganisms Utilized
in the Screening Program.

Alternaria sp., Organism B,

Myrothecium verrucaria, and Trichoderma viride, grew well on
swollen cellulose, consumed the substrate and produced mycelium.
Sorangium cellulosum produced a distinct or13-nge color, particularly
when cultivated in mixed culture with Torulopsis utilis on swollen
cellulose.

However, it did not conswne a significant amount of

the substrate.

Pleurotus ostreatus did not grow well, if at all,

when cultivated on swollen cellulose, although it was successfully
cultivated on oak sawdust.

Of the above mentioned organisms,

only Alternaria sp and Myrothecium verrucaria grew well on filter
paper.

The latter was the better in regard to its ability to
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breakdown filter paper.

A summary of the results of the cellulase assays carried
out with culture broths from these organisms is given in Table 49.
The maximum percent hydrolysis, calculated by the formation of
reducing sugar, expressed as glucose, obtained with each organism
is presented.

The substrate for all the cellulase assays was

swollen cellulose.

Of those organisms studied, Alternaria sp

yielded a fermentation broth having the highest cellulase activity.
Its activity was twice that produced by Myrothecium verrucaria.
On this basis, the Alternaria sp was chosen for more detailed
studies.

Hydrolysis of Cellulose by Alternaria sp Culture Broths.
Cell-free extracts from cultures of Alternaria sp were found to
rapidly hydrolyze swollen cellulose.

Little breakdown of filter

paper was brought about by these extracts.

The hydrolysis products

formed from the action of Alternaria sp culture broths on swollen
cellulose were found to be glucose and cellobiose in nearly a one
to one weight ratio.

Since the culture broths w e re also f ound to

be essentially free of cellobiase, it can be concluded that both
glucose and cellobiose resulted from the action of the cellulase on
the cellulose m olecul es.
The enzyme solutions prepared from cultures of Alternaria
sp differed from Cellulase 35 and from cell-free extracts prepared
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TABLE 49

SUMMARY OF THE CELLULASE ASSAYS CONDUCTED WITH THE
MICROORGANISMS EMPLOYED IN THE SCREENING PROGRAM

Organism

Culture Type

Culture
Age
(days)

Assay
Time
(hr)

Percent
Hydrolysis

Shake flask

4

2.5

5.20

Fermentor

9

2.5

40.8

Shake flask

11

5.0

42.6*

Fermentor

7

2.5

8. 06

Shake flask

10

5.0

33.0

Fermentor

16

2.5

19. 8

Shake flask

12

2.5

21. 8

Fermentor

10

2. 5

10. 5

Shake flask

23

24.0

Alternaria sp

B mold

My:rothecium
verrucaria

Trichoderma
vir ide

P1eurotus
ostreatus

:>;~ Undiluted enzyme solutions were utilized

45. 6 "'•
....
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from cultures of Myrothecium verrucaria.

Glucose was found to

be the only hydrolysis product when the latter two enzyme preparations were applied to swollen cellulose.

However, a significant amount of cellobiose was formed
when enzyme solutions, prepared from cultures of Alternaria sp,
were used.

Therefore, the percent hydrolysis of the swollen cellu-

lose calculated on the basis of the reducing sugar produced expressed
as glucose, was not a true indication of the actual solubilization of
the substrate.

The solubilization, as determined by total organic

solids analyses, was found to be 1. 32 times greater than that
obtained on the basis of the reducing sugar.

Consequently, when

a 60 percent hydrolysis of the swollen cellulose was reported, the
actual percent solubilization was nearly 80.

Thus, with some of

the more active Alternaria sp extracts, total solubilization of the
swollen cellulose substrate was approached in the 2. 5 hour incubation period.

This finding was substantiated by the amount of cellu-

lose remaining after incubation.

The hydrolyzing power of Alternaria sp culture broths was
found to be about 20 times that of Cellulase 35 on a protein content
ba.s is.

Since only glucose was produced by the action of cellulase

35 on swollen cellulose but both glucose and c e llobiose w e re produced by

A~ternaria

sp culture broths, the solubilization power of
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Alternaria sp culture broths was about 26 times that of
Cellulase 35.

Difficulty with the growth of Alternaria sp on filter paper
and a concomitant low production of cellulase were encountered
in the later part of this investigation.

This difficulty was attributed

to the loss of cellulolytic power through repeated transfers on malt
extract medium.

Malt extract was chosen for the maintenance of

the culture and as an inoculation medium because the organism
grew well on this medium.

It was also easy to prepare \. Malt ex-

tract, however, does not contain any cellulose and is a suitable
medium for the growth of many microorganisms.

Therefore, it

was also possible that a contaminant had entered the culture and
inhibited the growth of Alternaria sp when applied to filter paper
in shake flask culture.

However, the appearance of a contaminating

microorganism was not detected in either malt extract or filter
paper culture media.

During the time that this dissertation was being written the
cellulolytic power of the organism was restored to the level experienced previously.

This was accomplished by inoculating

a

swollen cellulose medium from an original slant of the organism.
After several transfers in swollen cellulose medium, the organism
was transferred to filter paper medium.

Cellulase assays were
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then conducted on broths of both swollen cellulose and filter paper
cultures.

Cellulase activities as high as 50 percent hydrolysis

were obtained from broths of the organism growing on swollen
cellulose.

The highest activity obtained from a cell-free extract

of the organism grown on filter paper was 66 percent hydrolysis.

It was demonstrated that swollen cellulose was a very
satisfactory medium for maintenance of the organism.

It was a

cellulosic substance upon which Alternaria sp grew very well.
Contaminating organisms were also not as likely to develop 1n
this medium, even if they had gotten into the medium.

The

preparation of swollen cellulose, however, was a somewhat
tedious and time conswning procedure.

Culture pH was found to be an important parameter in the
production of cellulase by Alternaria sp.

It was found to vary with

the substrate, substrate concentration, and the inorganic nitrogen
source.

Culture pH was found to be a good indicator of the amount

of cellulase formed in the culture broth.

As culture pH rose above

6. 0, cellulase activity was correspondingly low.

In the early part of the studies dealing with the effect of
substrate, substrate concentration, and pH, urea and ammonium
sulfate were employed as nitrogen sources.

Difficulty was en-

countered, however, with rising pH in the filter paper cultures

155

and low cellulase activity.

The rising pH was found to be due to

the presence of urea in the culture medium.

When ammonium

phosphate was employed as the nitrogen source, culture pH did
not rise but remained fairly constant.

The rise in pH caused by

the presence of urea could have been the result of the formation
of ammonia as the organism utilized urea in its metabolism.

The best substrate for the production of cellulase was
found to be filter paper.

An activity of 50. 2 percent hydrolysis

was obtained from a filter paper culture having a final pH of 5. 9.
At the same final pH, a culture grown on swollen cellulose produced a 40.4 percent hydrolysis.

The activities produced by the

carboxymethylcellulose cultures were lower.

Malt extract and

glucose as the substrates gave the lowest cellulase activities.
These were 9. 6 and 1. 9 percent hydrolysis, respectively.

Cellu-

lase produced by Alternaria sp was therefore a somewhat inducible
enzyme.

Although urea was employed in the experiment, the pH of
the malt extract and glucose cultures dropped down to about 2. 5.
In these cultures, there was a relatively large amount of mycelium
formed and there was undoubtedly extensive utilization of both the
organic and inorganic substances present in the culture media.

In the initial run of the experiments conducted to determine
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the effect of substrate concentration on cellulase production,
urea was present in the medium.

As was experienced before,

culture pH rose with time; that is, the cultures assayed at the
end of 168 hours had higher pH values than the cultures assayed
at the end of 120 hours.
of substrate.

However, pH also varied with the amount

The cultures having the highest substrate concen-

tration also had the lowest pH values and exhibited the highest
cellulase activities.

When the experiment was repeated, using

ammonium phosphate as the nitrogen source, the pH as well as
the cellulase

activity~

was found to vary with substrate concentration.

In the three culture periods used (92, 122 and 146 hours),
however, pH did not vary with time.

In the cultures having a

substrate concentration of 15. 0 mg/ml, the average final culture
pH was 5. 8 with an average deviation of 0. l.

The average final

pH values of the cultures having substrate concentrations of 10. 0
and 5. 0 mg/ml were 6. 2 and 6. 4 respectively.
cases, the variation of pH was insignificant.

In the last two
The initial pH of

the medium used for all of the cultures was 6. 2.

Thus the pH of

the cultures having the highest substrate concentration dropped
about 0. 4 pH unit and then remained constant.

The pH of the

cultures with a substrate concentration of 10. 0 mg/ml did not
¢leviate from the initial value.

The pH of the cultures having the

lowest substrate concentration rose about 0. 2 of a pH unit and
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then remained constant.

It is tempting to conclude that more growth of the organism

took place in the cultures having the highest substrate concentration and that the drop of pH and formation of cellulase were a
direct result of this growth.

This would not, however, explain

the rise in pH which occurred in the cultures having 5. 0 mg/ml
of filter paper.

It is possible that there was a low molecular

weight cellulose present in the ground filter paper which acted as
an inducer.

The increased amounts of filter paper would have

also contained more of this inducer and as a result more cellulase
would have been obtained.

Buffered culture media were employed to determine the
optimum pH for the formation of cellulase when the pH was maintained constant.

The first run was conducted using the phosphate-

citric acid buffering system.

Culture pH did not remain constant

but rose as much as 4 pH units in the cultures having the lowest
initial pH.

This substantial rise in pH was probably due to the

utilization of the citric acid by the organism.

The buffering system composed of 0. 2 molar di-hydrogen
sodium phosphate and 0. 2 molar mono-hydrogen potassium
phosphate was found to maintain the culture pH at a fairly constant
value.

When this buffering system was employed with ammonium
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phosphate as the nitrogen source, good results were obtained.
The best culture pH for the production of cellulase was found to
be in the range of 5. 6 to 5. 7.

The maximum activity obtained

using this buffering system was 38. 6 percent hydrolysis.

However,

the maximum activity obtained previously with cultures having the
same substrate concentration was over 50 percent hydrolysis.
Therefore, the high ionic strength of the buffered culture medium
may have had a somewhat depressing effect on cellulase activity.

The optimum temperature for the production of cellulase
was determined to be about 27 °C.

Above 30 °C the cellulase

activity produced dropped off sharply.

A by-product of the controlled

temperature experiment was the finding that cultures grown on the
rotary action shaker produced more activity than the cultures
grown on the reciprocating shaker.

It could not be determined

whether this was a result of the differences in agitation or aeration
characteristics.

From the comparison of the cellulase activities produced
by stationary shake flask cultures and those on the rotary shaker,
it was determined that agitation was necessary to produce a high
amount of cellulase.

Unfortunately, the cultures grown in the

5 l fermentor produced much lower activities than were expected.
This was apparently due to some change which had taken place in
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the organism.

It was demonstrated that the culture which was

conducted with an air flow rate of 2. 5 CFH and an impeller speed
of 65 0 RPM produced 3 to 4 times as much activity as the culture
conducted at the same impeller speed and an air flow rate of 1. 2
CFH.

Therefore the initial aeration level chosen for the cultures

conducted in the fermentor was probably not sufficient for the
optimum production of cellulase.

In view of what has been determined in this study, the
following conditions are suggested for the propagation of Alternaria
sp in the 5 l fermentor to produce cellulase:

(a) substrate: filter

paper, (b) substrate concentration: one percent, (c) pH: 5. 7, (d)
temperature: 27 °C, (e) air flow rate: 2. 5 CFH, (f) impeller
speed: 65 0 RPM. '
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VI.

CONCLUSIONS

On the basis of the findings of this study, the following
conclusions can be made:

( 1)

The hydrolysis of oak sawdust with 2 percent sulfuric

acid produced only about 11 percent solubilization of the wood.
Xylose was the principal hydrolysis product and was accompanied
with a small amount of glucose.

(2)

The hydrolysis of oak sawdust with broths from

cultures of Pleurotus ostreatus produced about the same degree
of solubilization as the acid hydrolysis.

Only the easily hydrolyzed

portion of the wood was affected.

(3)

Incubation periods of longer than 5 hours should not

be utilized in cellulase assays if the assay solution is not protected
from microbial contamination.

(4) Mixed cultures of the organisms studied did not produce
a better breakdown of cellulose or greater formation of cellulase.

(5) A significant portion of the cellulase produced in a
culture grown on insoluble cellulose was adsorbed on the surface
of the substrate.
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{6) Alternaria sp cellulase rapidly hydrolyzed swollen
cellulose but had little effect on filter paper.

The products of

the hydrolysis of swollen cellulose by broths from cultures of
Alternaria sp were glucose and cellobiose.

Little or no cellobiase

was present.

{7)

Culture broths of Alternaria sp were much more active

1n degrading swollen cellulose than those of the cellulolytic
organisms, Myrothecium verrucaria and Trichoderma viride.

{8)

The hydrolyzing power of Alternaria sp cellulase was

about 20 times that of Cellulase 35.

{9) The optimum pH for the hydrolysis of swollen cellulose
by cell-free extracts of Alternaria sp cultures was in the range
of 5. 3 to 5 . 5.

( 10) Filter paper was a better substrate for the production
of cellulase by Alternaria sp than swollen cellulose, carboxymethylcellulose, glucose, or malt extract.

(11)

The optimum pH for the production of cellulase by

cultures of Alternaria sp was in the range of 5. 6 to 5. 7.

The

.
optrmum
temperature was 27 °C.
{12)

Higher substrate concentrations produced more cellu-

lase when Alternaria sp was grown on filter paper in agitated
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flasks.

This was demonstrated in the substrate concentration

range of 5. 0 to 15.0 mg/ml.

(13} Swollen cellulose was a better medium for the maintenance of cultures of Alternaria sp than was malt extract.

(14}

Pleurotus ostreatus was successfully cultured on

the sapwood of oak but not the heartwood unless the hot water
soluble materials were first removed.
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VII.

RECOMMENDATIONS

The recommendations given below should be considered
in further studies concerning the enzymatic solubilization of oak
sawdust.

Since vacuum filtration of enzyme solutions is likely to
result in some enzyme denaturation due to foaming of the liquid,
centrifugation should be used instead of filtration for the preparation of cell-free extracts, whenever possible.

For the propagation of cultures in the fermentor, the
apparatus should be modified by replacing the cooling finger with
a cooling coil.

This would decrease the surface area upon which

mycelium and an insoluble substrate could adhere and may therefore help maintain a more uniform dispersion of solids in the
culture.

In order to produce cellulase in large amounts, Alternaria
sp shbld be grown in the fermentor using the conditions suggested
in the discussion, see page 159.

The isolation and characterization of the extractable
substance in the heartwood of oak which inhibited the growth of
Pleurotus ostreatus should be carried out.
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The ability of the cellulase produced by cultures of
Alternaria; sp to solubilize the wood cellulose of oak sawdust
should be determined.

The first step in this study should be the

grinding of oak sawdust into particles having dimensions in the
micron size range by the use of a vibratory ball mill; the cellulase should then be applied to the finely ground sawdust and the
amount of cellulose which was solubilized measured.

In the interest of producing an enzyme capable of degrading
lignin in oak sawdust, lignin should be prepared from the finely
ground sawdust by enzymatically removing the cellulose. Attempts
should then by made to get Pleurotus ostreatus or other wood
rotting fungi to grow on the lignin in submerged culture.

If these

attempts were successful, the culture broths produced should be
assayed for their ability to degrade lignin.

Finally, a cellulose hydrolyzing solution should be combined
with a lignin degrading enzyme solution; the mixture should then be
applied to oak sawdust and the amount of sqlubilization measured.
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IX.

APPENDIX

Description of the Five Liter Fermentation Apparatus
The fermentor which was utilized in this investigation was
constructed previously by the author in his research work conducted
for the master's degree at the University of Missouri at Rolla {40).
The fermentor consisted of a 12 inch long piece of 6 inch diameter
pyrex glass pipe closed at the top and bottom with stainless steel
plates.

There were provisions in the top and bottom plates for

the agitator shaft seal, pH electrodes, thermometer well, inoculation port, cooling finger, drain line, and auxiliary ports for the
addition of materials to and the removal of samples from the vessel.
The agitator was driven by a motor and pulley system.
speeds of 540, 650 and 810 RPM could be used.

Agitator

Although the to t al

volume of the fermentation vessel was about 5 l, the apparatus was
designed to be operated at 2. 5 1.

A view of the apparatus is shown in Figure 5.

A detailed

description of the fermentor and construction drawings may be
found in the author's mast e rs thesis (4 0)

Several modifications of the original design were made to
improve the appa ratus.

These inc lud e d change s whi ch w e r e made

on compone nt s o f th e fer m e n t or a nd modi fic a tions w h ich w ere
nec e ssary for the use of automatic temperature and f oam control
systems .
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FIGURE 5
THE FIVE LITER FERMENTATION APPARATUS
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The circular aeration tube of the fermentor was removed
and replaced by a straight tube passing through the center of the
bottom plate and extending 3 I 8 inch above the plate.

The tube was

stoppered with a stainless steel plug having four 1/32 inch holes
for air outlets.

The packing gland was modified so that it could be cooled
with water.

A channel, 5/16 inch deep, was cut around the body

of the seal.

The channel was closed off to form a water passage

by using fiber glass matting and epoxy resin.

Two short pieces

of 5/16 inch diameter stainless steel tubing were inserted on
opposite sides of the seal to form inlet and outlet ports.

The seal was further modified by the installation of a
grease fitting over the bearing.

A new aluminum top plate was

constructed having a 1/2 inch diameter hole in the center.

This

size hole was chosen so that the race of the bearing was covered
and a minimum amount of clearance existed between the shaft and
the hole.

The grease fitting was installed in the top plate over the

race of the bearing.

This enabled the bearing to be lubricated

during fermentations while the agitation system was in operation.
The aluminum cap was no longer used.
Temperature control was maintained with the use of cooling
water and a 140 watt heating tape which was wrapped around the
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outside of the glass body of the fermentor.

A thermistor actuated

controller, constructed according to the description given in
General Electric's trSilicon Controlled Rectifier Hobby Manual"
{20), controlled temperature within 0. 5 °C.

It acted by turning

on the heating tape when the temperature inside the fermentor
dropped below the desired value.

Cooling water was circulated

continuously.

The foam control system consisted of an electronic relay
{Herback and Rademan, Inc.), 25 ampere Type PR5A Y Relay
(Potter and Brumfield), Model CM 2 Timer (Industrial Timer
Corp. ), and a specially constructed probe.

The probe consisted

of a piece of stainless steel wire which was sealed into a threaded
plug by the use of silicone rubber cement.

Antifoam agent was

automatically added by a Sigmamotor Model AL2· 15 pump whenever foam in the vessel touched the probe.
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